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Electrophoresis of some Neutral Polysaccharides 


By D. H. NORTHCOTE 
Department of Biochemistry, University of Cambridge 


(Received 30 April 1954) 


Criteria by which the homogeneity of any neutral 
polysaccharide material can be defined are difficult 
to obtain. The elucidation of the structure of starch 
depended upon the chemical and biochemical proof 
that it is composed of two distinct molecular 
species of polysaccharide; thus any analytical 
method which differentiates between components 
of the amylose and amylopectin type whilst having 
amore general application is of use for the investiga- 
tion of polysaccharides. In particular, the study 
of a complete cellular structure in which several 
constituent polysaccharides occur, as for example 
in a plant cell wall, is primarily dependent upon 
an analytical method which will determine and 
differentiate these constituents. The work described 
below uses the Tiselius electrophoresis apparatus 
in an experimental approach to this problem; the 
application depends on the use of borate buffer 
solutions in which the various neutral polysac- 
charides acquire a negative charge and conse- 
quently move in an electric field towards the anode. 


EXPERIMENTAL 


Materials 


The methods of preparation and the characteristics of the 
polysaccharides are those given by the authors shown in 
Table 1. In each instance the sample was analysed for total 
N and P. The commercial starch preparations were treated 
with aqueous methanol to remove fatty material (Schoch, 
1942a). 


Methods 


Analyses. Nitrogen and phosphorus analyses were made 
as described by Northcote & Horne (1952). 

Electrophoreses. The polysaccharides were examined as 
1% solutions in 0-05 borate buffer, pH 9-2, and in certain 
instances as 1% solutions in glycine buffer (0-1m glycine— 
0-1mM-NaOH), pH 9-2, or 0-1m veronal buffer, pH 9-2. The 
ivory nut mannan A and the potato amylose were only 
partially soluble in the buffer solutions; in these cases 
saturated solutions were used. Each solution was dialysed 
for 48 hr. against two changes of buffer and finally centri- 
fuged before placing the clear supernatant in the 2 ml. 
electrophoretic cell. Electrophoresis was conducted at 0° in 
a Tiselius electrophoretic apparatus (Perkin Elmer and Co., 
U.S.A.; Model 38). The conductivity of the polysaccharide 
material in the buffer was measured at 0°. pH Measure- 
ments were made with the glass electrode at room temper- 
ature. 


RESULTS 


The mobilities were calculated from the electro- 
phoretic data and are given in Fig. 1 and Tables 2 
and 3. 

Borate buffer 


Field strength, 5-0 v/em.; current, 5-2 ma 
All the boundaries using this buffer were clearly 
defined and were maintained throughout the 
course of the experiments which lasted about 
4-5 hr. or until the boundaries had passed out of the 
field of view. The ascending and descending bound- 
aries in all cases were mirror images (Fig. 6a, b). 


Table 1. Polysaccharides used in electrophoresis experiments 


N , 

Polysaccharide (%) (%) 
Yeast glycogen 0-06 0-07 
Rabbit liver glycogen 0-01 0-003 
Yeast mannan 0-20 0-30 
Ivory nut mannan 0-07 0-001 
Amylose 0-01 0-007 
Amylopectin 0-06 0-075 
Waxy maize starch 0-01 0-005 
Potato starch 0-09 0-06 
Wheat starch 0-02 0-02 
Rice starch 0-06 0-004 


23 


Description 

Prepared according to Northcote (1953) 

Kindly given by Dr D. J. Bell (Bell, 1948; Bell & 
Manners, 1952) 

Prepared according to Haworth, Heath & Peat (1941) 

Prepared according to Aspinall, Hirst, Percival & 
Williamson (1953) 

Prepared from the potato starch according to Haworth, 
Peat & Sagrott (1946) 


Kindly given by Dr W. Whelan as part of a sample from 
Dr T. J. Schoch. Derived from single cross waxy seed 
corn and containing less than 0-03% amylose (Schoch, 
19425) 

Commercial samples obtained from British Drug Houses 
Ltd., London 
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Mobilities of boundaries (cm.’v~' sec.~'X10™) 
5 6 7 8 9 


Polysaccharide 2 3 
Yeast mannan 

Ivory nut mannan A 
Yeast mannan+ivory nut mannan 

Yeast glycogen | 
Rabbit liver glycogen 

Yeast glycogen+ liver glycogen | 
Yeast glycogen+yeast mannan 
Potato starch 

Potato amylose 
Potato amylopectin 
Amylose+amylopectin 
Rice starch 


Wheat starch 


Waxy maize starch 


D. H. NORTHCOTE 






2 6 7 8 9 
Mobilities of boundaries (cm.’ v~' sec.~'x107*) 


Fig. 1. Mobilities of polysaccharides in 0-05 borate buffer, pH 9-2, 0°. 


Starches (Figs. 2 and 8). Each starch showed two 
boundaries except that from waxy maize, which 
gave a single very sharp peak (Fig. 8a). The electro- 
phoretic analysis of the separated amylose and 
amylopectin components showed that the amylose 
was the slower moving fraction in the whole starch. 
Separately, amylose and amylopectin gave single 
symmetrical peaks (Fig. 2c,d), but a mixture 
behaved very similarly to the original starch on 
electrophoresis (Fig. 2a, b). 

Glycogens (Fig. 4a,b). Rabbit liver glycogen 
moved as a single boundary, but yeast glycogen 
showed two components. Small amounts of a 
slower-moving fraction were indicated and the 
general electrophoretic pattern of the yeast glycogen 
resembled that of starch (Fig. 46). 

Mannans (Figs. 6 and 9). Both yeast mannan and 
ivory nut mannan A moved more quickly than 
either the starches or the glycogens and in each case 
a single symmetrical peak was observed. 

Yeast mannan and glycogen mixture (Fig. 106). 
This mixture separated clearly into two separate 
boundaries. 

Yeast glycogen and rabbit liver glycogen mixture. 
These components had very similar mobilities and 
failed to indicate any separation (Fig. 10c). 

Yeast mannan and ivory nut mannan mixture 
(Fig. 10a). These components separated into two 
distinct boundaries. 


Table 2. Mobilities of polysaccharides in 
0-1M glycine buffer, pH 9-2, 0° 


Mobilities of boundaries 
Polysaccharides (cm.? v- sec.-} x 10-) 
Yeast glycogen 0-7, 0-0 
Rabbit liver glycogen 1-0 
Potato starch 2-2, 0-0 
Potato amylopectin 1-7, 0-0 


Table 3. Mobilities of polysaccharides in 
0-1M veronal buffer, pH 9-2, 0° 
Mobilities of boundaries 


Polysaccharides (cm.? v-! sec.—1 x 10-5) 
Potato starch 1-6 
Potato amylopectin 1-2 


Glycine buffer 
Field strength, 6-3 v/em.; current, 1-3 ma 


In all cases, when mobilities could be measured, 
these were much lower than in borate (Table 2). 
Boundaries were ill defined and disintegrated 
during the course of the experiment over a period of 
3-4 hr. The ascending and descending boundaries 
were not mirror images (Fig. 7). 

Potato starch (Fig. 3). A stationary and a fast- 
moving peak were apparent in the initial stages of | 
the experiment, although the moving boundary 
rapidly dispersed. Analysis of the individual com- 
ponents of the starch showed that amylopectin 
gave a pattern almost identical with that of whole 
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je he) 95 in, © *(b) 95 min. 
(6) 209 min. ot Fig. 6. 0-05 m Borate, pH 9-2. Yeast mannan: (a) desc., 
(5) ase. 
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(a) 38 min. (b) 38 min. 





SS 
(c} 145 min, (d) 89 min. pes 
Fig. 2. 0-05 m Borate, pH 9-2. (a) Potato starch, (6) amylo- 
pectin + amylose, (c) amylopectin, (d) amylose. habit ee 
(¢) 123 min. (d) 123 min. 


Fig. 7. 0-1 m Glycine, pH 9-2. Yeast mannan: 
(a) and (c) desc., (6) and (d) asec. 





: ee te ee 
(a) 192 min. (b)- 92 min. 
Fig. 3. 0-1 m Glycine, pH 9-2. (a) Potato starch, 
(6) amylopectin. 
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(b) 265 min. 
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(a) 130.min, (b) 90min. 4 
<— — 
Fig. 4. 0-05 Borate, pH 9-2. (a) Rabbit liver glycogen, (a) 182 min. (c) 251 min. 

d, (b) yeast glycogen. 
). Fig. 8. 0-05 m Borate, pH 9-2. (a) Waxy maize starch, 
ad (6) wheat starch, (c) rice starch. 
of 
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1 in, ; 
. (a) 131 min (b) 145 min 4 mii. 
inj Fig. 5. 0-Im Glycine, pH 9-2. (a) Rabbit liver glycogen, 
le (b) yeast glycogen. Fig. 9. 0-05 m Borate, pH 9-2. Ivory nut mannan A. 
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(c) 168 min. 


Fig. 10. 0-05m Borate, pH 9-2. (a) Ivory nut+ yeast 
mannans, (b) yeast glycogen + yeast mannan, (c) rabbit 
liver glycogen + yeast glycogen. 
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(b) 143 min. 
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(a) 143 min. 


Fig. 11. 0-1m Glycine, pH 9-2. Yeast glycogen + yeast 


mannan: (a) asc., (b) dese. 


a 


(a) 104 are eo 104 min, 


Fig. 12. 0-1m Veronal, pH 9-2. Yeast mannan: 
(a) asc., (b) desc. 


Sta 


(a) 179 ae (b) 240 ae 





Fig. 13. 0-1m Veronal, pH 9-2. (a) Potato starch, 
(6) amylopectin. 


starch (Fig. 3b) whilst no definite boundary could 
be obtained with amylose. 

Glycogens (Fig. 5). Slow-moving boundaries 
were obtained with both rabbit liver and yeast 
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glycogens, but the stability and shape of the 
diagrams were not satisfactory for analysis. 

Yeast mannan (Fig. 7). No single boundary was 
obtained but material passed towards the anode in 
a continuous flow made up of a gradation of fast- to 
slow-moving substance. 

Yeast glycogen and mannan mixture. The mannan | 
passed towards the anode in the manner described { 
above, whilst the glycogen remained almost 
stationary. Fig. 11 shows the pattern after 143 min. 
when the movement of the mannan was no longer 


apparent. 
Veronal buffer 


Field strength, 4-2 v/em.; current, 5-1 ma 


The boundaries were more stable than those in 
glycine buffer and the mobilities were again much 
lower than in borate (Table 3). The ascending and 
descending boundaries were generally not mirror 
images (Fig. 12). 

Potato starch (Fig. 13a). The boundary was 
asymmetric, and after 290 min. separated into two 
small, almost equal, peaks. Amylopectin gave a 
very similar pattern (Fig. 136). 

Yeast mannan (Fig. 12). The movement re- 
sembled that obtained with glycine buffer. 


DISCUSSION 


The movement of polysaccharide material in an 
electrical field has already been used in certain 
analytical and preparative methods, but this has 
usually been confined to separations in which one of 
the polysaccharide components at least carries a 
charge due to esterification or other combination 
with a polar group. Samec, Nucic & Pirkmaier 
(1941) obtained fractions from potato starch by 
such a method owing to the phosphate ester groups 
on the amylopectin component, and the method has 
been applied to the analysis of various blood group 
polysaccharides (Krejci, Sweeny & Zittle, 1949) 
and ‘acid polysaccharides’ of gastric mucosa 
(Smith & Gallop, 1953). The influence of borate on 
certain polysaccharides has been investigated with 
relation to solubility, viscosity and gel formation 
(Deuel, Neukom & Weber, 1948; Deuel & Neukom, 
1949), but no systematic study of the movement 
of such polysaccharide—borate compounds in an 
electrophoresis apparatus has been made. The 
present work shows that such an electrophoretic 
method using borate buffer has proved successful in 
the analyses of potato and cereal starches, mannans 
and glycogens. The cereal starches are known to 
contain no esterified phosphate on the amylopectin 
and thus the presence of such an ester group is not 
a necessary factor for electrophoresis under these 
conditions. Waxy maize.starch, which gives a well- 
defined boundary with a mobility comparable with 
the other amylopectin components (Fig. 1), contains 
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very small amounts of fatty substances and there- 
fore it is unlikely that lipid sometimes associated 
with starches is the factor contributing to the 
electrophoretic separations described here. 

The starch components amylose and amylo- 
pectin, isolated by a standard procedure, gave 
single boundaries in the apparatus; whereas an 
artificial mixture of these two amylosaccharides 
gave an electrophoretic picture very similar to that 
of the original starch (Fig. 2). Thus polysaccharides 
different in shape, size and structure, but composed 
of the same sugar, can be differentiated using the 
Tiselius apparatus. This conclusion is also indicated 
by the separation of yeast and ivory nut mannans 
(Fig. 10a). As with other applications of electro- 
phoresis, a single peak only implies the presence of 
species homogeneous with respect to charge per 
unit area of surface for the large molecules used in 
this investigation ; interpretations indicating homo- 
geneity of any other type, such as of molecular 
weight, must have due regard to this restriction. 

The two principal soluble polysaccharides ob- 
tained from yeast are glycogen and mannan and 
these can be clearly separated by electrophoretic 
analysis (Fig. 106). Thus the method should prove 
useful in a preliminary study of a mixture of poly- 
saccharide material such as that obtained from 
many plant products and from cell structures such 
as cell walls. Furthermore, the chemical fractiona- 
tion of such a mixture can be followed by this 
method. Isherwood (1949) has already hinted that 
an electrophoretic method applied to polysac- 
charides would be a useful tool for investigations of 
this type and he has tentatively proposed a method 
using 4% sodium hydroxide solution as a solvent 
for the substance. 

Although at the pH used some of the polysac- 
charides investigated do move in the electric field 
in the absence of borate, the boundaries are not 
suitable for analytical study for one or more of three 
reasons. 

(1) The movement is disorganized, and no 
definite boundary is formed. This is apparent with 
yeast mannan both in glycine and veronal buffers. 
It is of interest to note that Lindquist (1953) 
obtained a mobility of — 1-38 x 10-5 cm.? v—! sec.—} 
for yeast mannan at pH 9-3 in veronal buffer 
although no information about this movement or 
its cause is given; a secondary cathodic migration 
was observed in some of his experiments at this 
pH. 

(2) The boundaries which separate do not seem 
to coincide with the known chemically different 
molecular species. present in the mixture. This can 
be seen very clearly in the case of potato starch 
analysed both in glycine and veronal buffer. 
Separation of two boundaries occurred (Figs. 3a 
and 13a); but amylopectin in each case showed a 
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very similar electrophoretic pattern to that of the 
whole starch (Figs. 3b and 136). 

(3) The boundaries obtained disintegrated fairly 
rapidly, more so in glycine than in veronal buffer, 
and since the movement is so much slower than in 
borate buffer, satisfactory separations of material 
could not be obtained. 

Borate would thus seem essential in such investi- 
gations and contributes to the origin of the charge on 
the polysaccharide. The reaction of borate with 
polysaccharides containing monosaccharide units 
which possess free vicinal cis-hydroxyl groups, 
such as occur in mannan, is well known (Deuel e¢ al. 
1948; Deuel & Neukom, 1949), but with starches 
and glycogens it is more difficult to visualize. There 
is already some indication from other studies that 
a reaction can occur with these latter polysac- 
charides which contain only trans-vicinal hydroxyl 
groups (Zittle, 1951) and a comparison of electro- 
phoretic mobilities in the absence and presence of 
borate provides additional evidence for this. 


SUMMARY 


1. An electrophoretic method for the analysis of 
neutral polysaccharides has been described. It is 
suggested that the method has a general application 
to soluble polysaccharide material. Borate buffer 
at pH 9-2 is used and the polysaccharides in this 
solution move towards the anode. 

2. Borate buffer is essential for satisfactory 
electrophoretic analysis even with polysaccharides 
containing only trans-vicinal hydroxyl groups. This 
indicates a combination of borate with this type of 
polysaccharide. 

3. Yeast mannan, ivory nut mannan and rabbit 
liver glycogen show no indication of any other 
molecular species when analysed electrophoretic- 
ally. Yeast glycogen and starches show the presence 
of at least two components. 


I wish to thank Drs M. Dixon and D. J. Bell for advice and 
encouragement and Mr B. R. Slater for much technical 
assistance. 
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The Branched-chain Fatty Acids of Butterfat 
5. THE ISOLATION OF 12-METHYLTRIDECANOIC ACID 


By R. P. HANSEN, F. B. SHORLAND anp N. JUNE COOKE 
Fats Research Laboratory, Department of Scientific and Industrial Research, Wellington, New Zealand 


(Received 13 April 1954) 


Detailed analyses of a butterfat sample (G/43) 
recently yielded trace quantities of two isomeric C,, 
branched-chain fatty acids, (+ )-12-methyltetra- 
decanoic acid and 13-methyltetradecanoic acid 
(Hansen, Shorland & Cooke, 1954). In this present 
communication is reported the isolation from the 
same sample of a C,, 7so-acid, 12-methyltridecanoic 
acid. 


EXPERIMENTAL 


As reported earlier (Hansen et al. 1954) the acids from 
hydrogenated butterfat after removal of part of the steam- 
volatile acids, were crystallized from 10 vol. of acetone at 
— 33°, the ‘liquids’ converted into methyl esters (wt. 
1876 g., sap. equiv. 223-8, iod. val. 4-7) and fractionated in 
vacuo in a 490 x 3-8 cm. stainless steel column packed with 
glass helices. Thirty-three fractions (KL1 to KL33) and 
a large residue resulted. For the purpose of this present 
investigation the following fractions were combined and 
denoted K27: KL24, wt. 35-24 g., sap. equiv. 232-5, iod. val. 
2-0; KL25, wt. 38-38 g., sap. equiv. 238-6, iod. val. 2-5; 
KL26, wt. 34-78 g., sap. equiv. 240-2, iod. val. 3-5; KL27, 
wt. 35-99 g., sap. equiv. 241-4, iod. val. 2-9. 

Fraction K27 was hydrolysed, unsaponifiable matter 
removed and the acids reconverted into methyl esters 
(sap. equiv. 235-6, iod. val. 0-9); 134 g. of these were re- 
fractionated in a 122 x 3-3 cm. column (column B, Shorland, 
1952). Of the twenty-four fractions distilled over, those 
relevant to this paper are: K27L7, wt. 3-31 g., sap. equiv. 
229-0, iod. val. 1-5, m.p. ester —5-2 to —4-8°, m.p. acid 
38-8-39-7°; K27L8, wt. 10-78 g., sap. equiv. 238-6, iod. val. 
0-6, m.p. ester 3-8-4-5°, m.p. acid 50-5-50-8°; K27L9, wt. 
11-55 g., sap. equiv. 241-4, iod. val. 0-5, m.p. ester 4-0-4-8°, 
m.p. acid 43-8-45-0°. Fraction K27L8 (denoted K34) was 
refractionated in column E (Shorland, 1952) to yield eight 
fractions (K34L1 to K34L8) and a residue K34LR. The 
following fractions, K34L4, wt. 1-52 g., sap. equiv. 238-6, 


m.p. ester 4:2-5-1°; K34L5, wt. 0-56 g., sap. equiv. 242-2, 
m.p. ester 4-2-5-1°; K34L6, wt. 1-10 g., sap. equiv. 241-5, 
m.p. ester 4-2-5-1°; K34L7, wt. 0-83 g., sap. equiv. 241-0, 


m.p. ester 4-5-5-3°; were combined (K36) and converted 





into fatty acids (m.p. 51-9-52-6°; mixed m.p. with pure 
myristic acid gave m.p. 39-8-40-3°). Purification of K36 
was then effected by repeated low-temperature crystalliza- 
tion from 40 vol. of the following solvents, the soluble 
fraction being removed after each crystallization: Light 
petroleum (b.p. 50-60°) at -40°, 5  crystallizations; 
methanol at — 40°, 10 crystallizations; acetone at -70°, 
1 crystallization ; acetone at — 60°, 1 crystallization; acetone 
at — 50°, l crystallization. After the final crystallization the 
soluble fraction K36S17L (0-03 g.) had m.p. 50-0-51-1° 
while the insoluble fraction K36S17S (2-01 g.) had m.p. 
53-7-54-0°. 

The properties of fraction K36S17S were as follows: wt. 
2-01 g., m.p. acid 53-7-54-0°, m.p. methyl ester 5-0-6-0°, 
sap. equiv. 227-8 (calc. for C,,H2g0,, 228-4), iod. val. 0-0; 
X-ray long spacing 26-74. (Found: C, 73-9; H, 12-4%. 
Cale. for C,4H2s0,: C, 73-6; H, 12-4%.) C-methyl 105% 
(equiv. to 1-6 mols. of acetic acid); n$* (acid) 1-4250; 
ny (methyl ester) 1-4360; [«]}? 0-0° in CHCl, (c, 13-3). 
When mixed in equal proportions with pure myristic acid 
(m.p. 54-0-54-4°) it gave a mixed m.p. of 40-8-41-8°, and 
when mixed with pure synthetic 12-methyltridecanoic acid 
kindly supplied by Professor E. Stenhagen of Uppsala 
University (m.p. 53-3-53-6°) it gave a mixed m.p. of 53-5- 
53°8°. 

Fraction K36S17S, as described above, was derived from 
fraction K27L8. Investigation of two adjacent fractions 
K27L7 and K27L9 by the same techniques yielded a 
number of fractions with corresponding characteristics. 
These were bulked together, denoted K56, and recrystal- 
lized from light petroleum (2 crystallizations), methanol 
(3 crystallizations), and acetone (6 crystallizations) re- 
spectively, using in each case 40 vol. of solvent at - 40°. 
The resulting fraction K56S10S possessed the following 
chemical and physical properties: wt. 4-39 g., m.p. 53°5- 
54-0°, sap. equiv. 227-9, iod. val. 0-0; X-ray long spacing 
26-7 A. Found C, 73-7; H, 12-2%; C-methyl, 10-3 % (equiv. 
to 1-6 mols. acetic acid). When mixed with an equal 
quantity of pure myristic acid (m.p. 54-0-54-4°) it gave 
a mixed m.p. of 40-2-41-0°. - 

X-ray diffraction measurements recorded in this work 
were made with a Philips Geiger X-ray spectrometer using 
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manganese-filtered iron Ka radiation. 
melted on a glass slide and cooled. 
Combustion analyses and C-methyl determinations were 
made by Weiler and Strauss, Oxford. 
Melting points were determined in closed capillaries and 
are uncorrected. 


Samples were 


DISCUSSION 


The two fractions isolated (K36S17S and K56S108) 
have saponification equivalents, combustion ana- 
lyses and iodine values in close agreement with 
the calculated requirements for a C,, saturated 
fatty acid with empirical formula C,,H,,0,. Both 
K36S17S and K56S10S possess an X-ray long 
spacing of 26-74. This figure approximates to the 
values of 27-04 and 26-84 respectively recorded for 
12-methyltridecanoic acid by Arosenius, Stillberg, 
Stenhagen & Tagtstrém-Eketorp (1949) and by 
Hougen, Ilse, Sutton & de Villiers (1953). At the 
same time the figure distinguishes it from n-tetra- 
decanoic acid which has a long spacing of 31-64 
(Francis & Piper, 1939). The C-methyl values 
(10-5 and 10-3 % respectively) when interpreted in 
accordance with the work of Ginger (1944) indicate 
the presence of two alkyl groups, one of which is 
aside chain. Further evidence for the identification 
of the two fractions as the C,, iso-acid 12-methyl- 
tridecanoie acid (isomyristic acid) is provided by 
the melting points of 53-7—54-0° and 53-5-54° 
respectively (cf. Weitkamp, 1945 (53-3°); Arosenius 
et al. 1949 (53-3-53-6°); Fordyce & Johnson, 1933 
(50-5-51-5°)) and by the absence of a depression in 
melting point when mixed in equal proportions 
with pure synthetic 12-methyltridecanoic acid. The 
melting points of these fractions are less than one 
degree below that of the corresponding normal acid 
(m.p. of n-tetradecanoic acid, 544°; Francis & 
Piper, 1939) ; they thus conform with the generaliza- 
tions regarding iso-acids as stated by Weitkamp 
(1945) and by Cason & Winans (1950). The possi- 
bility of the methy] side chain being in any position 
other than the zso position is precluded by the 
investigations of Cason, Taylor & Williams (1951) 
on the relationship between melting point and 
structure of high molecular weight branched-chain 
acids. These investigators found that except for the 
iso-acid, methyl-branched isomers have melting 
points at least 10° below that of the normal isomer. 
Weitkamp (1945) observed that a further character- 
istic of iso-acids with an even number of carbon 
atoms was that their mixed melting points with 
corresponding normal acids were depressed 10—15°; 
this was found to be the case with fractions 
K36S17S and K56S10S when mixed with pure 
myristie acid. 
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The higher molecular weight branched-chain 7so- 
acids formerly isolated from butterfat (Hansen & 
Shorland, 1951; Hansen et al. 1954), and from 
mutton fat (Hansen, Shorland & Cooke, 1953) all 
contained an odd number of carbon atoms. This 
present paper reports the occurrence in butterfat of 
an iso-acid with an even number of carbons. Even- 
numbered acids have already been found in wool 
grease (Weitkamp, 1945), although in that case odd- 
numbered iso-acids appear to be absent. 

In an earlier paper (Hansen et al. 1954) it was 
noted that fractions rich in esters of the C,; 7so- and 
anteiso-acids distilled over together after the esters 
of myristic acid. In this present work the esters of 
dsomyristic acid were not accompanied by esters of 
the C,, anteiso-acid, and they distilled over im- 
mediately after methyl laurate and before methyl 
myristate. 

The proportion of 12-methyltridecanoic acid 
present in butterfat is estimated to be of the order of 
0-05 % of the total fatty acids. 


SUMMARY 


12-Methyltridecanoic acid has been isolated in trace 
amounts from butterfat by methods which in- 
cluded hydrogenation, fractional distillation, and 
low-temperature crystallization. 


We are indebted to Mr M. Fieldes of the Soil Bureau, 
Department of Scientific and Industrial Research, Welling- 
ton, New Zealand, for the X-ray measurements reported in 
this paper, and to Professor E. Stenhagen, Uppsala Uni- 
versity, for a pure synthetic sample of 12-methyltridecanoic 
acid. 
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Studies on the Proteins of Fish Skeletal Muscle 


3. COD MYOSIN AND COD ACTIN 


By J. J. CONNELL 
Department of Scientific and Industrial Research, Torry Research Station 


(Received 1 May 1954) 


The myofibrillar protein components of fish skeletal 
muscle have, so far, not been resolved in the same 
way as have those of mammalian muscle. The only 
fish myofibrillar proteins which appear to have been 
isolated and characterized at all fully are carp 
tropomyosin and carp nucleotropomyosin (Hamoir, 
195la, b). Of the major components, it seems that 
the proteins hitherto called fish myosins more nearly 
resemble mammalian actomyosin than mammalian 
myosin, and fish actin has not been described. 
Roth (1947), using carp, was unable to observe 
L-myosin in short-duration extracts which normally 
furnish solutions rich in this protein in the case of 
rabbit. A suggested explanation postulated differ- 
ences in the adenosine triphosphate (ATP) balance 
of the muscle between fish and rabbit. Earlier, 
Guba (1943) had noticed that the apparent ex- 
traction of actin concomitant with that of myosin 
proceeds more rapidly with fish than with rabbit or 
frog. However, Hamoir (1949, 195lc) observed 
electrophoretic components in carp extracts corre- 
sponding to a- and f-myosins (identifiable with 
actomyosin and myosin, respectively (Dubuisson, 
1946a; Weber & Portzehl, 1952)), and was able 
to separate the f-component. This component 
although possessing some of the properties of pure 
rabbit myosin did not behave comparably in the 
ultracentrifuge. On the other hand, addition of 
ATP to a fish ‘actomyosin’ solution in the presence 
of calcium and magnesium ions (Hamoir, 1951c) 
resulted in the appearance of a boundary which 
sedimented at very nearly the same rate as rabbit 
L-myosin. If it is at all valid to extrapolate from the 
known properties of the corresponding preparations 
of mammalian muscle, then these observations are 
obviously conflicting. This paper represents an 
attempt to clarify the position with regard to cod at 
least, and also describes some characteristics of 
cod actin. 

The protein from carp muscle briefly studied by 
Suyama (1950, 1951) obviously corresponds to 
actomyosin, as do the fish ‘myosins’ isolated by 
Subba Rao (1948). 





EXPERIMENTAL 
Materials 


The experimental material used throughout has been cod 
(Gadus callarius L.). The fish were never more than about 
40 cm. in length, and were always alive before the experi- 
ments. 

Buffers. Unless otherwise stated, buffers contained the 
following: pH 3-5: 0-2N Na acetate, 0-185N-HCl, 0-015m- 
KCl, J =0-4 (e.g. Fig. 3). pH 4-0: 0-2 Na acetate, 0-160N- 
HCl, 0-04m-KCl, J=0-4 (e.g. Fig. 3). pH 4-6: 0-2n Na 
acetate-acetic acid mixture, 0-2m-KCl, J =0-4 (e.g. Fig. 3). 
pH6-0: 0-009mM-Na,HPO,, 0-072mM-KH,PO,, 0-3m-KCl, 
I=0-4 (e.g. Fig. 3). pH 7-4: 0-0312mM-Na,HPO,, 0-007M- 
KH,PO, (J =0-1), KCl to make up to J =0-3 (e.g. Fig. 15), 
0-4 (e.g. Figs. la, 3, 4, 5a-c) or 0-5 (e.g. Fig. 2). 

ATP. This was prepared from cod muscle. The fish were 
killed by decapitation, with as little struggling as possible, 
quickly skinned and filleted, and the fillets transferred 
immediately to a cold room at 0° where they were minced. 
The procedure of LePage (1949) was then followed using 
500-600 g. mince. The yield of dry dibarium salt was about 
2 g./kg. mince, which is smaller than can be obtained from 
rabbit muscle, but the availability and expendability of the 
fish made its use profitable in this case. The preparations 
were not analysed. Tarr (1949) estimates the amount of 
ATP and ADP together as 25-200 mg./100 g. in the skeletal 
muscle of resting marine fish. 


Methods 


Electrophoresis. The Tiselius apparatus with Philpot- 
Svensson optical system was used for electrophoresis. The 
bath temperature was +0-5°, and the tall-form cell with 
flow-through modification (Kekwick, Lyttleton, Brewer & 
Dreblow, 1951) was usually used. Isoelectric points were 
determined by the moving boundary method. 

Diffusion. Diffusion experiments were conducted in the 
same apparatus as was used for electrophoresis. The diffusion 
of the myosin and actin preparations was conducted at 
+0-5°, but in one experiment on actin a temperature of 25° 
was used. The flow-through cell proved very useful as a 
boundary sharpening device, particularly with the more 
concentrated viscous solutions of myosin, since compensa- 
tion of shear-formed boundaries resulted in deformation. 
Use of a diagonal edge, slit or wire diaphragm gave results 
within 5% of one another. Diffusion coefficients were com- 
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puted by the height-area method, but sometimes the 
method of moments and shape-analysis was carried out. 
The quoted diffusion coefficients are the mean of the results 
obtained from both limbs of the cell. A control experiment 
on a 2% solution of crystalline bovine plasma albumin 
(Armour, Chicago) in 0-1 N acetate buffer pH 4-7 at 0-5° gave 
a value of 2°85 x 10-7? cm.” sec.-!, which is in reasonable 
agreement with the corrected diffusion constant for this 
protein. 

Uliracentrifuging. One sample each of a myosin pre- 
paration and a partially polymerized actin sample were 
examined in the Svedberg oil-turbine ultracentrifuge 
through the kindness of Dr R. A. Kekwick. 

Viscosity. Ostwald viscometers held at 0° and 25° were 
used. In some cases the rate of shear was increased to 
2000-10 000 sec.-1 by applying controlled but variable 
amounts of positive pressure to the viscometer; typically 
the time of outflow of about 6-6 ml. of water at 100 cm. 
water pressure was about 46 sec.; diameter of capillary 
0-054 cm. 

Double refraction of flow (D.R.F.). D.R.F. was observed by 
swirling the solution contained in a small beaker between 
crossed polaroids. 

Osmotic pressure. Determinations at 0° were made in 
Adair (1949) toluene osmometers using collodion membranes. 

Hydration. Hydration was estimated from the equilibrium 
amounts of water absorbed at 20° by salt-free, freeze-dried 
material placed over a saturated aqueous solution of 
K,SO, (cf. Adair & Robinson, 1931). 

Chemical analyses. The acidic and basic groups of the 
protein preparations were determined at pH 11-5 and 2-2 
respectively, using the dye-binding method of Fraenkel- 
Conrat & Cooper (1944). The tryptophan and tyrosine 
contents of cod actin were determined by Block & Bolling’s 
(1945) adaptation of the Millon—Folin method. 


RESULTS 


As far as nomenclature is concerned, it has become 
customary to regard pure myosin from skeletal 
muscle as a monodisperse preparation of sedimen- 
tation constant about 7 Svedberg units which has 
zero ATP-sensitivity, i.e. L-myosin (Weber & 
Portzehl, 1952); there are some dissentients from 
this view (Morales & Botts, 1953; Blum & Morales, 
1953). Since the protein to be described does not 
satisfy the ultracentrifugal criterion, but does 
exhibit other important characteristics of myosin 
and certainly differs from actomyosin, the difficulty 
of naming it arises. It has been thought best to 
retain the word myosin for the fish protein rather 
than introduce further complications of nomen- 
clature. 
Preparation of cod myosin 


Unless otherwise stated, all operations were 
carried out at 0°. 

Extraction of cod muscle for periods of 20 hr. with 
solutions which normally extract actomyosin from 
rabbit muscle (>0-5M-KCl, pH 7-8), followed by 
precipitation at an ionic strength of 0-05 and 
re-solution of the precipitate, furnishes typical 
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actomyosin solutions, i.e. having high viscosity 
(ef. Fig. 2), pronounced opalescence, and with ATP- 
sensitivities (Portzehl, Schramm & Weber, 1950) 
greater than 100. Electrophoresis of such solutions 
gives very asymmetric boundaries (cf. Dubuisson, 
19466) corresponding to the so-called «-myosin 
with sometimes also what is possibly $-myosin 
(Fig. la). The average mobility of the former in 
several experiments was — 3-05 x 10-5em.? v-!sec.—1. 

On the other hand, attempts to prepare myosin 
by the method of Guba & Straub (1943), which with 
rabbit gives myosins of low ATP-sensitivities, 
resulted in preparations of ATP-sensitivity 20-30. 
Addition of pyrophosphate and reducing the pH to 
6-5 as in Hasselbach & Schneider’s (1951) method, 
still gave preparations of fairly high ATP-sensitivity. 
For example, extraction of coarsely minced cod 
muscle with the pyrophosphate-containing buffer, 
pH 6-5, [= 0-35 shown below, for periods of 90 and 
300 min. resulted in extracts having ATP-sensi- 
tivities of 14 and 21, respectively. However, by 
reducing the time of extraction to 5 min., solutions 
having ATP-sensitivities of 0-5 were obtained 
which still retained most of the properties of myosin 
and which are regarded as being the cod-muscle 
equivalent of rabbit-muscle myosin. The method of 
preparation was to extract coarsely minced cod 
muscle (50 g.) by slow stirring (5 min.) with 150 ml. 
of the following: 
0-2mM-KCl + 0-043 mM-KH,PO, 

+0-019M-Na,HPO, + 0-01 M-Na,P,0, 

(total I[=0-35) adjusted to pH 6-5 with a small 
amount of HCl. The brei was centrifuged at 4000 g 
for 30 min., and the supernatant dialysed against 
7 times its volume of distilled water. The precipi- 
tated gel was separated by centrifuging, washed 
with phosphate buffer pH 7-5, J=0-05, redissolved 
in 0-5m-KCl and again precipitated by dialysis 
until the ionic strength fell to 0-05. The final centri- 
fuged gel was usually dissolved in 


0-3m-KCl + 0-0312M-Na,HPO, + 0-007M-KH,PO,, 


pH 7-4, I=0-4, and dialysed against the same 
buffer. 


Properties of cod myosin 


Preparations made in the above manner usually 
had ATP-sensitivities of 0-5; some which had 
slightly higher values were not improved by an 
intermediate dialysis at [=0-28 (Portzehl et al. 
1950; Mommaerts & Parrish, 1951). The intrinsic 
viscosities of artificial actomyosins made by adding 
the preparation and cod F-actin together were 
about 50 % of those of ‘natural’ actomyosins from 
cod. The intrinsic viscosity of the preparation itself 
was 2-0 (Fig. 2) at an average shear rate of about 
3500 sec.-!, and this value did not vary much 
between shear rates of 2000—7000 sec.—1. 














Fig. 1. (a) Electrophoretic diagram of cod actomyosin at 
I=0-4, pH 7-4. Ascending limb. Field strength 1-14v/ 
em.; duration of electrophoresis, 57 720 sec. Migration 
from LtoR. (6) Electrophoretic diagram of cod myosin 
at J=0-3 and pH 7-4. Ascending (above) and descending 
(below) limbs. Field strength 2-2lv/cm.; duration of 
electrophoresis, 95 400 sec. Migration (asc.) from L to R, 
(desc.) from R to L. 
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c 
Fig. 2. Intrinsic viscosity of cod actomyosin ([]) and cod 
myosin (@) at 0°; pH 7-4, 1=0-5. 7,,.=specifie vis- 
cosity. ¢ = protein concentration in g./100 ml. 
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Fig. 3. Isoelectric point of cod myosin (©) and cod actin 
(A). Below pH 4: KCl-Na acetate-HCl buffers; pH 4-6: 
KCl-Na acetate-acetic acid buffers; above pH 6: KCI- 
phosphate buffers. Ionic strength in all cases 0-4. 
u =electrophoretic mobility. 


06 


02 04 06 08 
c 
Fig. 4. Diffusion of cod myosin at 0-5°; 1=0-4, pH 7-4. 
¢=protein concentration in g./100 ml. Do, ,, =corrected 
diffusion coefficient. 


Even concentrated solutions of the protein were 
only faintly opalescent, and precipitation into water 
with vigorous stirring to a final ionic strength of 
0-05 gave a sheen of myosin ‘crystals’. 

Electrophoretically, the protein was almost 
homogeneous at pH 7-4 and J=0-3 or 0-4, showing 
a slight asymmetry of the ascending boundary 
(Fig. 1b). The mobility under these conditions was 
— 2-90 x 10-5 em.” v-! sec.-1, and the _ isoelectric 
point 5-3 at J=0-4 (Fig. 3). It was not possible to 
examine the protein below pH 5 because of its 
insolubility, but it appeared to be substantially 
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homogeneous between pH 5 and 7-4. Average 
acidic and basic groups amounted to 18-2 and 15-5 
equivalents per 104 g. protein at pH 11-5 and 2-2, 
respectively. : 

One sample of the protein when examined in the 
ultracentrifuge sedimented as a single boundary 
with sedimentation constants of 9-65 and 17-1 x 10-8 
at 0-9 and 0-45 % concentration, respectively. At 
the lower concentration the boundary spread fairly 
rapidly, indicating some degree of polydispersity. 
Diffusion experiments were conducted over a wider 
range of concentration (0-1—0-7 %) and only a slight 
dependence of diffusion coefficient on concentration 
was observed (Fig. 4). The experiments lasted about 
5days at + 0-5°; after about 3 days slight skewing of 
the boundaries could be detected. The extrapolated, 
corrected diffusion constant was 0-4 x 10-7 em.?*sec.-! 
when calculated by the area—height method. 

Hydration was estimated to be 0-5 g. water/g. 
protein. 

Preparation of cod actin 

An aqueous extract from acetone-dried cod 
muscle fibre as prepared by Feuer, Molnar, Pettko & 
Straub (1948) shows the general properties of a 
solution of G-actin. On addition of salts, the limpid 





Fig. 5. (a) Electrophoretic diagram of a cod actin extract 
according to Feuer et al. (1948) J =0-4, pH 7-4. Ascending 
limb. Field strength 0-94 v/cm.; duration of electro- 
phoresis, 78 720 sec. Migration from R to L. Protein 
concentration, 1-26 mg./ml. (6) Electrophoretic dia- 
gram of a modified Feuer et al. (1948) extract. J =0-4, 
pH7-4. Ascending limb. Field strength 0-88v/em.; 
duration of electrophoresis 71 280 sec. Migration from 
L to R. Protein concentration, 0-50 mg./ml. (c) Same 
as 56, another extract. Field strength 0-78v/cem.; 
duration of electrophoresis 64880 sec. Migration from 
Lto R. Protein concentration, 0-6 mg./ml. 
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solution can be polymerized to a viscous solution of 
F-actin showing pronounced double refraction of 
flow. Polymerization at 0° appears to be very slow, 
although the content of adenine compounds in the 
extract is at least as high as in comparable rabbit 
extracts as judged by the absorption spectrum of the 
deproteinized extract. The slow polymerization at 
0° was made use of in examining electrophoretically 
some early preparations made from fibre which had 
been ground before extraction. Dialysis at 0° of the 
aqueous extract against 


0-3m-KCl + 0-0312M-Na,HPO, + 0-007 m-KH,PO,, 


pH 7-4, [=0-4 enabled the diagram depicted in 
Fig. 5a to be obtained. A main boundary of 
mobility 3-8 x 10-5 cm.? v—! sec.-'—presumably G- 
actin—and at least two others are apparent, one 
a slower ‘shoulder’ of the main boundary, and 
another more rapid discrete boundary of mobility— 
5-5 x 10-5 cm.? v-! sec.-1— possibly tropomyosin 
(cf. Dubuisson, 1950a; Hamoir, 195la). It was 
found that the specific viscosity of the preparation 
was improved (Fig. 6) by omitting the Na,CO, 
treatment of the Feuer e¢ al. (1948) method as 
suggested by Tsao & Bailey (1953), and the im- 
purities were concurrently reduced to a low level 
(Fig. 5b). In this case the actin was inactivated 
before electrophoresis by dialysis against water for 
several days; electrophoresis of G-actin could also 
be achieved by prior depolymerization with 
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Fig. 6. Specific viscosity of cod F-actin preparations in 

0-1mM-KCl at 0°. /A\, Modified Feuer et al. (1948) extract 

(cod); [J], Feuer et al. (1948) extract (cod); ©, 30% 

acetone extract (cod) (Tsao & Bailey, 1953); —--, 

Feuer et al. (1948) extract (rabbit). ¢ = protein concentra- 

tion in g./100 ml. 7,,. =specific viscosity. 
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0-6mM-KI (Dubuisson, 1950c). Efforts were made to 
improve the preparations as far as their specific 
viscosity was concerned but without success. The 
butanol method of Tsao & Bailey (1953) does not 
appear to be applicable to cod muscle; 30% 
acetone at 0° or at 20° failed to extract more than 
small quantities of protein from butanol-treated, 
acetone-dried fibre, and the resulting polymerized 
form had a low specific viscosity (Fig. 6) and acto- 
myosin-forming power. In any case, the use of 
butanol seems not to be necessary, since cod actin 
solutions are invariably water-clear and show no 
trace of colour or specific absorption between 300- 
500 mp. even when concentrated. 

An attempt was made to purify F-actin by 
sedimenting it free of lighter impurities in a high- 
speed centrifuge (Mommaerts, 1951). When F-actin 
was spun at 25000 g for 2 hr. in an angle centrifuge 
at 0°, a concentration gradient was obtained rather 
than a compact pellet. The transparent protein at 
the bottom of the centrifuge tube was extremely 
viscous and intensely birefringent, but considerable 
amounts of F-actin still remained even at the top of 
the tube as evidenced by viscosity and birefringence. 
It is not certain whether this is due to variations in 
weight of the F-actin microfibrils, if such exist in 
solution, or to failure completely to eliminate 
vibrations or convection during the centrifuging. 
It has also been pointed out that the explanation 
may lie in the smaller ability of cod actin when 
compared with rabbit actin to give the type of 
solution ‘structure’ which Tsao & Bailey (1953; 
Tsao, 1953) suggest is formed by rabbit actin 
dimers. The behaviour of a ‘weak structure’ on 
centrifuging might be expected to be different from 
that of a ‘strong structure’. Whatever the reason 
the specific viscosity of the protein from the bottom 
quarter of the tube was not noticeably different 
from that of the original solution. 

In view of the seeming difficulties attendant on 
removing the last traces of impurity, the main 
properties of cod actin have been determined on 
aqueous extracts of muscle fibre obtained by the 
method of Feuer et al. (1948) omitting the final 
treatment with Na,CO,;. The yield obtained by 
extracting 1 g. fibre with 20 ml. water for 30 min. at 
room temperature was about 3-5 mg./ml. The 
protein was concentrated by acetate precipitation 
at pH 4-7 and re-solution in aqueous NaHCO,. 





Properties of cod actin 


The electrophoretic properties of the G-form have 
been outlined above. Some preparations appeared 
to be very homogeneous at pH 7:4 (Fig. 5c), but 
there was some indication of separation into two 
boundaries in prolonged runs. Electrophoresis of 
the F-form was complicated by thixotropy (Tsao & 
Bailey, 1953) but at low concentration the bulk of 
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the protein moved with a single, if deformed, 
boundary the mobility of which was reasonably 
reproducible. The average mobilities of G- and F- 
actin were — 3-9 x 10-5 and about — 6-5 x 10 cm.? 
v-!sec.-!, respectively, at pH 7-4, [=0-4. The 
protein gave very opalescent solutions between pH 3 
and 6, and therefore the isoelectric point, pH 4-7—4-8 
(Fig. 3), could only be determined by measuring the 
movement of the blackening on the photographic 
plate. Average acidic and basic groups were 26-3 
and 15-3 equivalents per 10‘ g. protein at pH 11-5 
and 2-2, respectively. The intrinsic viscosity of the 
G-form in 0-6M-KI + 0-006m-Na,S,0,, pH 5-6, was 
0-075 both at 0° and 25° (Fig. 7). 
Ultracentrifugal analysis of a sample in 

0-3M-KCl + 0-0312m-Na,HPO, + 0-007 M-KH,PO,, 
pH 7-4, [=0-4, which was thought to be de-poly- 
merized but which evidently contained some 
F-actin (not detectable by the double refraction of 
flow test used), showed a very heavy, polydisperse 
component and a much lighter component. The 
latter moved so slowly away from the meniscus that 
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Fig. 7. Intrinsic viscosity of cod G-actin in 0-6m-KI. 
©, 25°; A, 0°. c=protein concentration in g./100 ml.; 
Nsp. = Specific viscosity. 
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Fig. 8. Osmotic pressure of tod G-actin in 0-6m-KI at 0°. 
7 =osmotic pressure in mm. Hg; c = protein concentration 
in g./100 ml. 
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its sedimentation coefficient could not be deter- 
mined but was estimated to be about 1-0 x 10-%. 
Diffusion experiments in 0-6M-KI + 0-006 M-Na,S,O, 
on G-actin lasting 3-4 days gave a value at both 
+0-5° and 25° of 2:3x 10-7 cm.?sec.-! for the 
corrected diffusion constant calculated by the 
height—area method. This value varied randomly by 
+10% between concentrations of 0-3-0-6% pro- 
tein. The diffusion constant calculated by the 
method of moments was about 15% higher than 
this, and shape-analysis of the diffusion curves 
showed that the preparations were somewhat 
polydisperse. Hydration and partial specific 
volume were estimated to be 0-46 g. water/g. protein 
and 0-735, respectively. 

Osmotic pressure measurements (Fig. 8) on a 
single sample in 0-6mM-KI + 0-006M-Na,S,O, pH 5-6 
at 0° gave a reduced osmotic pressure (Adair & 
Robinson, 1930) of 1-0-1-10, representing a particle 
weight of about 160000.' 

The tryptophan and tyrosine contents were 
found to be 1-0 and 5-0%, respectively (protein 
nitrogen 16-0 %). 


DISCUSSION 


It is clear that arguing from the case of rabbit 
myosin, the ultracentrifugal results on cod myosin, 
and to a lesser extent the diffusion results, are in 
conflict with the other properties of the protein. The 
sedimentation constant of rabbit myosin is well 
established as about 7 x 10-! (Snellman & Erdés, 
19486; Portzehl et al. 1950; Johnson & Landolt, 
1951; Mommaerts & Parrish, 1951), and approxi- 
mately the same value may be inferred from 
Hamoir’s (1951c) results on carp actomyosin in the 
presence of ATP, but the values for the sedimenta- 
tion coefficient of cod myosin correspond almost 
exactly to those found for rabbit and cod acto- 
myosin at the same concentrations. Again, the 
diffusion constant of cod myosin is about one-half 
that found for rabbit myosin, and in between the 
values quoted for rabbit actomyosin by Bergold 
(1946) (0-52) and by Ziff & Moore (1944) (0-30). 
Yet, in all the other properties examined, the cod 
preparation is strikingly similar to rabbit myosin. 
Thus, its solutions have the same appearance as 
solutions of rabbit myosin, its solubility is similar, 
and it behaves towards ATP and F-actin in a 
similar way. The failure of cod myosin to show a fall 
in viscosity on addition of ATP can hardly be due to 
inactivation during preparation or to the inefficacy 
of the ATP, because cod actomyosin preparations 
made under similar conditions show a large effect. 
Electrophoretically the protein also behaves like 
myosin, although here the distinction is not so 
clear-cut, since the electrophoretic behaviour, 
isoelectric point and numbers of acidic and basic 
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groups of rabbit myosin and actomyosin are not 
very different. The intrinsic viscosity of the protein 
clearly differentiates it from actomyosin (Fig. 2), 
and the value is similar to that obtained for rabbit 
myosin (Guba & Straub, 1943; Portzehl et al. 1950) 
and for rat and mouse myosins (Miller, Golder, 
Eitelman & Miller, 1952). 

It is unfortunate that the paucity of ultracentri- 
fugal data precludes a conclusive judgement on the 
identification of the cod protein with rabbit myosin. 
If they are the same type of protein and the ultra- 
centrifuge results for cod are truly characteristic, 
then their molecular dimensions must differ widely, 
since the extrapolated sedimentation coefficient of 
the cod protein will be far higher than 7 x 10-®. 
There is a possibility that the sample examined by 
ultracentrifuging was denatured: Portzehl e¢ al. 
(1950) have shown that L-myosin on keeping 
denatures to give a fairly well-defined component 
sedimenting at about 15 x 10-"*, and certainly cod 
myosin can hardly be kept longer than 10 days 
post mortem without signs of denaturation. This 
possibility is very unlikely in the case of the results 
other than the ultracentrifugal ones, some of the 
preparations being examined 2—3 days post mortem. 

An axial ratio for cod myosin of about 50 may be 
computed from the viscosity data assuming a 
prolate ellipsoidal model and hydration of 0-5 g. 
water/g. protein. This figure is of the same order as 
that derived from viscosity data on rabbit myosin, 
but the molecular weight of the cod protein must 
then be at least double that of the rabbit protein. 

One of the original aims of this work, namely to 
demonstrate the existence in cod muscle of a protein 
corresponding to myosin in respect of properties 
and molecular size and shape, has, thus, not been 
fully achieved. The problem, indeed, seems to be 
more complex than might have been imagined, and 
can probably only be resolved by a more detailed 
ultracentrifugal examination. The failure to extract 
actin-free myosin with the same ease as in the rabbit, 
rat or mouse, cannot be due to an entire depletion of 
ATP from the muscle before extraction since ATP 
can be prepared from cod muscle which is in 
essentially the same post-mortem condition, and 
also cod actin contains amounts of ATP (or at least 
adenine compounds capable of promoting poly- 
merization of the actin) equivalent to those found in 
rabbit actin. It may be that the ATP is not effective 
in the same way as it is in intact rabbit muscle in 
aiding extraction of myosin (Roth, 1947); certainly 
pyrophosphate is not effective in this connexion, 
and it is clear that Hasselbach & Schneider’s (1951) 
method of exhaustively extracting actin-free myosin 
from a coarse mince, must fail when applied to fish, 
since even fairly short extractions under their 
conditions yield solutions of appreciable ATP- 
sensitivity. In some preliminary experiments 
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Table 1. Properties of cod myosin and cod actin compared with those of rabbit myosin and rabbit actin 


Cod Rabbit 
—_—_—_—Ke="_lllEDN 

Myosin Actin Myosin Actin 

Sxo, w x 10% 9-65 (c* =0-9) 1-0 (2) (e=0-7) 7-la (c=0) 32a (c=?) 
17-1 (c=0-45) 
Deo, w x 107em.? sec.-1 0-4 (c=0) 2-3 (c=0-3-0-6) 0-87a (c=0) 
Mol.wt. (from osmotic pressure in _ 160 000 — 140 0006 
0-6m-KI) 
Minimum mol.wt.t 40 000 — 35 000c 
Intrinsic viscosity 2-0 0-075} 2-2a 0-206 
Us -2-9 (F-) — 6-5 (2) —2-9d (F-) —6-3¢ 
— (G-) -3-9 _— (G-) -4-6e 

Isoelectric point 5-3]| 4-7-4-8]| 5-4f 4-:7-4'8 (?) 


* c=protein concentration in g./100 ml. 
+ Calculated from tyrosine and tryptophan contents. 
{ In 0-6m-KI. 


§ Electrophoretic mobility x 10° cm.? v-! sec.—! (buffer for cod proteins: KCl-phosphate pH 7-4, J=0-4; buffer for 
rabbit protiens: 0-25mM-NaCl+0-052m phosphate, pH 7-4, J =0-4). 


|| For buffers see experimental section. 

a Summarized in Weber & Portzehl (1952). 
b Tsao (1953). 

c Tsao & Bailey (1953). 

d Dubuisson (19506). 

e Dubuisson (1950c). 


f Snellman & Erdés (19484), buffer: 0-1-0-5mM-KCl +0-05m K veronal-acetate. 


(Connell, unpublished) it has been noted that pyro- 
phosphate both in the presence or absence of added 
magnesium and at 0° or 25° reduces the viscosity 
of cod actomyosin solutions only partially when 
compared with the reduction achieved by ATP. 

It has been concluded (Weber & Portzehl, 1952) 
that the extractability of F-actin from muscle 
depends to a large extent on the state of the in- 
soluble muscle structures which, unless disrupted in 
some way, impede the removal of the long F-actin 
microfibrils. This may well be an important factor in 
the case of extraction of F-actin in cod, because the 
amount of stroma is very low in fish, and its ‘perme- 
ability’ may be greater. In addition, the form in 
which actin is present in fresh fish muscle may be 
different, that is, its microfibrils may be shorter or 
thinner than those in rabbit. 

Cod actin closely resembles rabbit actin; it can 
exist in both the G- and F-forms, and its physical 
and chemical properties are similar to those of 
rabbit actin (Table 1). The high mobility of actin on 
the alkaline side of its isoelectric point is reflected in 
the large number of acidic groups demonstrable at 
pH 11-5 (26-3 equivalents/10‘ g. protein); actin, 
together with tropomyosin, must be among the 
most highly charged proteins. The osmotic pressure 
data show that the molecule of cod G-actin must 
exist as the dimer in 0-6M-KI (Tsao, 1953), and the 
similarity at 0° and at 25° of intrinsic viscosity and 
diffusion coefficient shows that the axial ratio 
cannot change much between these two temper- 
atures. The estimated sedimentation coefficient of 





1-0 x 10-18 for the one sample of G-actin does not 
appear to be reliable, since when taken together 
with the value of 2-3 x 10-7 cm.? sec.-! for the 
diffusion constant it yields a value of about 40000 
for the molecular weight—much lower than that 
derived from osmotic pressure. Better agreement is 
obtained if the value of the sedimentation coefficient 
found for rabbit G-actin is used, namely about 
3-2x10-% (Snellman, Erdés & Tenow, 1949; 
Portzehl et al. 1950; Mommaerts, 1952), giving a 
molecular weight of about 130000. Also, the 
axial ratio assuming a prolate ellipsoidal model and 
correcting for hydration as suggested by Oncley 
(1941), would be 25 using the values D3, ,, = 2-3 x 10-7 
and Sy, ,.=3-2 x 10-15, which agrees rather well 
with Tsao’s (1953) value of 24 for an end-to-end 
dimer. However, this result is not supported by the 
very low intrinsic viscosity of 0-075 which when 
incorporated into Simha’s (1940) equation, corre- 
sponds to an axial ratio of 5-5 for a hydrated prolate 
ellipsoid. The disparity between the values calcu- 
lated from sedimentation—diffusion and viscosity 
datais very much greater than is usually encountered, 
but may be due to an unsuitable choice of hydro- 
dynamic model. The data do not justify application 
of the theory of ‘equivalent ellipsoids’ (Scheraga & 
Mandelkern, 1953), but it is interesting to note that 
the use of the ‘string of beads’ model of Kuhn 
recently discussed by Shulman (1953) for fibrinogen 
results in the fairly close axial ratios of 5 (using 
(n)=0-075) and 7 (using Sy ,,=3-2x10-* and 
D2, w= 2°3 x 10-7 em.? sec.-1). 
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SUMMARY 


1. Proteins resembling rabbit myosin and rabbit 
actin have been prepared from cod muscle. 

2. Although most of the properties of cod and 
rabbit myosin are the same there is considerable 
apparent disparity between their ultracentrifugal 
properties. 

3. Some possible causes of this disparity have 
been examined. 

4. It is more difficult to prevent the concurrent 
extraction of actin when preparing fish myosin than 
with rabbit: possible reasons for this have been 
discussed. 

5. The molecular size and shape of cod G-actin 
have been investigated. 

6. In 0-6M potassium iodide solution, cod G-actin 
appears to exist as the dimer, though its exact 
molecular dimensions are uncertain. 


The author is indebted to Dr R. A. Kekwick for the ultra- 
centrifugal analyses. The work described in this paper was 
carried out as part of the programme of the Food Investiga- 
tion Organization of the Department of Scientific and 
Industrial Research. 
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Studies of Fatty Acid Oxidation 
1. THE OXIDATION OF THE ALKYLTHIO FATTY ACIDS 


By W. T. BROWN anp P. G. SCHOLEFIELD 
Montreal General Hospital Research Institute, Montreal, Canada 


(Received 26 April 1954) 


Certain alkylthio fatty acids have been shown 
(Brown, Quastel & Scholefield, 1954) to influence the 
proliferation of nitrifying organisms and to inhibit 
the oxidation of ammonia to nitrate in soil. The 
effect of these substituted fatty acids on mammalian 
systems and their metabolism by such systems 
has now been investigated. It has already been 
suggested by du Vigneaud (1942) and Dubnoff & 
Borsook (1948) that methylthiopropionic acid 
(CH,S.CH,.CH,.COOH) and methylthioacetic acid 
(CH,S.CH,COOH) are produced from the corre- 
sponding methyl-donating dimethylthetins. It was 
shown by Maw (1953) that those thetins which 
transmethylate also give rise to the largest quan- 
tities of extra urinary sulphate. Presumably 
therefore, the demethylated compounds, which are 
the alkylthio fatty acids, are further oxidized and 
eventually yield sulphate. Evidence is presented to 
prove that such compounds are not only oxidized 
by mammalian systems but that they may also 
influence the metabolism of mammalian tissues. 


EXPERIMENTAL 


Tissue slices were cut using a Stadie-Riggs tissue slicer 
(Arthur H. Thomas Co., Philadelphia, U.S.A.) and were 
immediately placed on top of a dry Petri dish containing 
cracked ice. They were then blotted, weighed on a torsion 
balance and placed directly into chilled Warburg vessels. 
All incubations, unless otherwise stated, were made for 
lhr. at 37° in an atmosphere of oxygen using the con- 
ventional Warburg apparatus. In the case of kidney, only 
cortex tissue was used. 

The incubation medium was a calcium-free Krebs-Ringer 
phosphate medium, pH7-4 (0-13M-NaCl, 0-005m-KCl, 
0-0013M-KH,PO,, 0-0013mM-MgSO,, 0-01m phosphate 
buffer, pH 7-4). When the sodium salts of alkylthio fatty 
acids and other substrates were being studied the following 
technique was adopted in order to eliminate effects due to 
excess Na*. A calcium- and NaCl-free medium was made up 
to 6 times the normal strength and 0-5 ml. was used per 
vessel. After addition of substrates and inhibitors, sufficient 
3m-NaCl was added to bring the total Na* concentration to 
0-13m. The volume was then made up to 3 ml. with water. 

Qo, values were calculated from the wet weight assuming 
80% moisture. 

Homogenates of rat kidney were prepared as previously 
described (Brown & Scholefield, 1952). Rat-brain and rat- 
liver homogenates were prepared in a similar manner except 


that one liver or two brains were used per 7 ml. homo- 
genizing fluid. 

Animals used were a laboratory strain of albino mice 
weighing 25-30 g. and hooded rats obtained locally weighing 
150-200 g. 

Substrates. All amino acids were obtained from Nutri- 
tional Biochemicals Corporation (Cleveland, Ohio, U.S.A.) 
and were used without further purification. The non- 
labelled alkylthio fatty acids were prepared as previously 
described (Brown et al. 1954). Dimethyl- and diethyl- 
thetin and propiothetin chlorides were synthesized by the 
method of Challenger & Simpson (1948). 

Radioactive materials. All the carboxyl-labelled alkylthio 
substituted fatty acids were obtained from Dr D. E. 
Douglas of this Institute. Counting was carried out in a 
Geiger—Muller flow type counter with an Atomic Instrument 
Scaler, no. 101-A. The gas used was helium saturated with 
ethanol at 0°. During the incubation period CO, was 
absorbed by 0-25 ml. 20% NaOH placed in the centre well. 
2n Sulphuric acid (0-3 ml.) was tipped into the main vessel 
from the side arm at the conclusion of the experiment to 
stop the enzymic reactions and to drive off any combined 
CO,. No acetoacetate determinations were made, since it 
has been shown (Avigan & Scholefield, 1954) that the 
alkylthio substituted acids inhibit acetoacetate formation. 
The collected CO, and carrier Na,CO, were then converted 
into BaCO, with BaCl, and counted in the usual way. The 
amount (yzmoles) of substrate oxidized to CO, was calcu- 
lated from the original specific radioactivity and the total 
radioactivity recovered as CO,. 

Mean values are quoted throughout. In general, the 
individual measurements did not deviate from the mean 
by more than + 10% in the case of Qo, values, or + 15% in 
the case of *CO, or radioactive acetoacetate determinations, 


RESULTS 


The influence of alkylthio fatty acids on 
mammalian enzyme systems 


In soil-perfusion experiments (Brown et al. 1954) 
sodium ethylthiopropionate gave rise to ethyl 
mercaptan, but sodium ethylthioacetate did not. 
Injection of benzyl- and ethyl-thioacetate into mice 
produced no obvious effects at a level of 30 mg./ 
mouse, whereas intraperitoneal injection of sodium 
benzyl- or ethyl-thiopropionate always resulted in 
the exhalation of the corresponding mercaptan. 
The propionate derivatives produced no ill effects 
at a level of 12 mg./25 g. mouse, but 18 mg./25 g. 
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FATTY ACID 


mouse made all the animals appear moribund within 
30 min., although all recovered overnight. At a 
dose level of 24 mg./25 g. mouse, all animals 
died within 6 hr. The influence of the alkylthio 
fatty acids on individual tissues was therefore 
investigated. 

Typical Q), values obtained on incubation of 
sodium methylthiopropionate with various tissues 
are given in Table 1. With three of the tissues 
examined the alkylthio fatty acid produced a 
decrease in the —Qo,, particularly in mouse liver 
where the effect appeared to increase with time. In 
the cases of rat liver, guinea pig liver and guinea pig 
kidney, an oxidation of the added substrate was 
obvious. These varying effects prompted an in- 
vestigation into the influence of sodium methylthio- 
propionate on the oxidation of various common 
substrates. Rat-kidney slices were used, since the 
respiratory activity was highest in this tissue and 
since sodium methylthiopropionate had little effect 
on its endogenous activity. The results obtained are 
shown in Table 2. No inhibition of the oxidation of 
the acids of the tricarboxylic acid cycle occurred 
and the inhibition of the endogenous activity by 
sodium thiopropionate was reversed by these 
substrates. No significant effect on glucose or 
sodium acetate oxidation was obtained. The oxida- 
tion of sodium pyruvate, on the other hand, was 
greatly inhibited in the presence of the alkylthio 
substituted acid. 

Pyruvate oxidation in rat-kidney slices was in- 
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effect of sodium methylthiopropionate on pyruvate 
oxidation in rat-brain homogenate could be ob- 
tained. 

The nature and mechanism of the inhibition of 
pyruvate oxidation will be discussed in another 
communication. 


Table 1. Qo, values obtained on incubation of sodium 
methylthiopropionate with various tissue slices 


All measurements were made over a 60 min. incubation 
period except in the case of mouse liver. The values quoted 
are the means of at least three determinations. 


— Qo. 

Methylthio- 

propionate 

No addition (0-02 m) 

Mouse kidney 15-3 12-4 
Mouse liver 10-7* 9-9 
10-0f 5-5 
Guinea pig kidney 9-0 12-1 
Guinea pig liver 3-9 7-0 
Rat kidney 17-0 14-7 
Rat liver 8-8 12-0 


* Measured over the period 0-30 min. 
{+ Measured over the period 30-60 min. 


Table 2. The effect of sodium methylthiopropionate 
on the oxidation of various substrates (0-02M) in 
rat-kidney slices 


All values are the means of at least two determinations. 





hibited to the same extent by sodium methylthio- ~ Qos 
acetate (Table 3). The latter substrate was not Methylthio- 
oxidized by this tissue, whereas in rat-liver slices it %. yoepienate 
produced an increase in the —Qp, value (Table 3). No addition (0-02) 
This increase was additive to that obtained on Ps a =. ae 
i ; .. ~ : sodium citrate " , 
adding sodium pyruvate to rat-liver slices. Sodium Sodium a-oxoglutarate 23-8 29-4 
methylthiopropionate was oxidized in rat-liver godiym succinate 30-4 29-5 
slices but the increase in respiratory activity due to Sodium fumarate 20-5 21-8 
this substrate was only partially additive to that Sodium malate as aa 
due to the presence of sodium pyruvate. In con- oe ae 26-0 171 
trast with the inhibition of sodium pyruvate  gogium aT eae 153 10-9 
oxidation in rat-liver and rat-kidney slices, no Glucose 17-8 14-0 
Table 3. The effect of sodium methylthio fatty acids on the oxidation 
of sodium pyruvate by tissue slices 
— Qo, in presence of 
c — > 
Methylthio Sodium Methylthio Methylthio 
fatty acid* No. of No pyruvate fatty fatty acid 
Tissue (0-02) determinations substrate (0-02) acid and pyruvate 
Rat kidney MA 4 14-8t 23-5 13-0 18-9 
MP 7 14-4 24-5 12-5 18-8 
Rat liver MA 6 9-0 11-7 11-6 13-7 
MP 3 8-7 12-0 14-2 14-8 


* MA, sodium methylthioacetate; MP, sodium methylthiopropionate. 
tT The -Qo, values quoted are mean values. 
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The inhibition of the D-amino acid oxidase 
activity of rat-kidney homogenate 


Methylthioacetate and methylthiopropionate in- 
hibited the oxidation of D-amino acids in rat-liver 
and rat-kidney homogenates. Neither compound, 
however, inhibited any of the following enzyme 
systems: succinoxidase of rat-kidney homogenate, 
glutamate—pyruvate transaminase, amine oxidase 
and choline oxidase of rat-liver homogenate, 
octanoate oxidation by Pseudomonas aeruginosa, 
the Stickland reaction in Clostridium sporogenes, the 
carboxylase activity of, and glycolysis in, acetone 
powders of yeast, and sulphanilamide acetylation 
by acetate in pigeon-liver extracts. The effect on 
D-amino acid oxidase is therefore relatively specific. 

Accurate results could not be obtained with rat- 
liver homogenates because of the high endogenous 
activity of these preparations. Rat-kidney homo- 
genates have therefore been used as the source of 
D-amino acid oxidase. In general, the rate of oxida- 
tion of D-amino acids was not constant, tending to 
decrease with time. The rate of the reaction was, 
therefore, estimated manometrically from the 
increased rate of oxygen uptake measured over 
a 10-15 min. incubation time commencing 5 min. 
after tipping of the substrate and inhibitor. DL- 
Methionine was used as substrate since it is readily 
available in pure crystalline form and is rapidly 
oxidized by rat-kidney D-amino acid oxidase. 

The inhibition by sodium methylthiopropionate 
of DL-methionine oxidation, on analysis of the 
experimental results by the method of Lineweaver & 
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Fig. 1. The competitive nature of the inhibition by sodium 
methylthiopropionate of pL-methionine oxidation in rat- 
kidney homogenate. @, no inhibitor present; O, 
6-7 x 10-*m sodium methylthiopropionate; ©, 2 x 10-?m 
sodium methylthiopropionate; [S]=molar substrate 
concentration; V =velocity expressed as |. of oxygen 
taken up in 15 min. 
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Burk (1934), was found to be competitive (Fig. 1), 
From the results shown. in Fig. 1 the K,, of p- 
methionine was estimated to be 9 x 10-°m. Oxida- 
tion of p.L-ethionine, DL-serine, DL-valine and 
DL-alanine in this preparation was also inhibited 
by methylthiopropionate. f-Alanine, DL-aspartate 
and t-glutamate are not oxidized by rat-kidney 
homogenate and were found not to inhibit the 
oxidation of the other pL-amino acids. All the 
methyl-, ethyl- and benzyl-thioacetates and thio- 
propionates are active inhibitors, but sodium 
methoxyacetate, ethoxyacetate and N-methyl- 
aminoacetate (sarcosine) have no effect on methi- 
onine oxidation. 

Ethyl mercaptan and propionic acid were tested 
as inhibitors of DL-methionine oxidation in order to 
be certain that the effect of methylthiopropionate 
was not due to breakdown to such compounds, 
However, ethyl mercaptan is neither oxidized by 
rat-kidney homogenate nor does it inhibit the 
oxidation of D-amino acids. Furthermore, methyl- 
thiopropionic acid is a more effective inhibitor of 
DL-methionine oxidation than is propionic acid 
itself. The competitive inhibitory action of propionic 
and other fatty acids has already been reported 
(Brown & Scholefield, 1952), and the inhibition of 
D-amino acid oxidation by many other carboxylic 
compounds has recently been reviewed by Klein 
(1953). The action of the alkylthio fatty acids on 
D-amino acid oxidation is therefore not a specific 
one; it is rather an inhibition produced by most 
monocarboxylic compounds. 


The oxidation of alkylthio fatty acids 


It has already been inferred, from the fact that 
mercaptans are produced on injection of alkylthio- ” 


propionic acid derivatives into mice and from the 
increase of —Q , values on incubation of tissue 
slices with the alkylthio fatty acids, that these 
compounds are oxidized by mammalian tissues. The 
availability of certain alkylthio fatty acids labelled 
with 4C in the carboxyl group has enabled us to 
make a more accurate investigation into the nature 
of this oxidation. The method of preparation of the 
labelled compounds favoured the synthesis of the 
ethylthio derivatives of acetic, propionic (f) and 
butyric (y) acids rather than the methyl compounds 
used thus far. The ethylthio fatty acids have there- 
fore been used throughout the remainder of the 
work reported here. 

The rate of oxidation of sodium ethylthio- 
propionate, measured by the release of CO, from 
carboxy] labelled substrate, was greater in rat liver 
than in any other organ of this animal (Table 4). 
Subsequent experiments were, therefore, confined 
to studies of the oxidation of the alkylthio fatty acids 
in rat-liver slices. In no case could any aceto- 





acetate formation from alkylthio fatty acids be , 
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demonstrated. The rates of oxidation of the sodium 
salts of ethylthio-acetate, -propionate and -butyrate 
are all proportional to the weight of rat-liver slices 
present (Fig. 2) and the rate of production of CO, 
from carboxy-labelled substrates increased with 
increasing chain length of the fatty acid moiety. 
Anaerobiosis virtually eliminated oxidation of the 
ethylthiosubstituted acids to CO, (see Table 7). 
Substrate concentration also determined the rate 
of oxidation, and analysis of the experimental 
results by the method of Lineweaver & Burk (1934) 
gave K,, values of approximately 8 x 10-‘m for 
sodium ethylthioacetate, 5x 10-‘m for the ethyl- 
thiopropionate and 7x10-‘m for the ethylthio- 
butyrate (Fig. 3). The K,, value for butyrate oxida- 
tion in guinea pig-kidney slices, 3 x 10-4m, obtained 
by Baxter & Quastel (1953), is of the same order. 


Table 4. The rate of oxidation of sodium ethylthio- 
propionate in various organs of the rat 
Each vessel contained 15umoles sodium ethylthio- 


propionate (specific radioactivity 1100 counts/min./ymole) 
and approx. 100 mg. wet weight of tissue. 


Substrate* oxidized 
(umoles/100 mg. wet wt. 


Tissue of tissue/hr.) 
Liver 0-96 
Kidney 0-62 
Heart 0-23 
Spleen 0-18 
Lung 0-14 
Brain <0-01 


* Calculated from the “CO, produced. 


[t Moles “CO, produced 





50 100 150 200 


mg. wet weight of tissue 


Fig. 2. The relation between amount of tissue and rate of 
oxidation of alkylthio fatty acids. @, 4 x 10-*m sodium 
ethylthioacetate; O, 5x10-*m sodium ethylthiopro- 
pionate; @, 3-2 x 10-*m sodium ethylthiobutyrate. All 
concentrations are equivalent to approximately five 
times the K,, value found for the alkylthio fatty acid. 
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These kinetic results substantiate the indications, 
previously obtained, that the alkylthio fatty acids 
are oxidized enzymically in rat-liver slices. On the 
other hand, the mechanism of the oxidation of these 
fatty acid derivatives was not certain. Preliminary 
experiments showed that after 1 hr. of incubation 
with liver slices in Warburg vessels the alkylthio- 
propionates. gave rise to a strongly positive nitro- 
prusside test for mercaptan on the alkaline filter 
paper of the centre well. The corresponding test 
with alkylthioacetates as substrates produced 
uniformly negative reactions, confirming the results 
of the im vivo experiments. To obtain further 
evidence concerning the mechanism of the oxidation 
of the alkylthio fatty acids, the influence of other 
substrates on the rate of oxidation of these com- 
pounds was investigated. 


The influence of other substrates on the 
oxidation of alkylthio fatty acids 

If the oxidation of the substituted fatty acids 
proceeds via the same sequence of enzymes as with 
the fatty acids themselves, then the addition of 
sodium acetate, propionate or butyrate should 
influence the rate of *CO, production from carboxy- 
labelled ethylthio fatty acids. In fact, all three 
compounds inhibit the oxidation of the three 
ethylthio fatty acids to CO, (Table 5). Sodium 
butyrate proved to be the most effective inhibitor, 
but Baxter & Quastel (1953) reported even greater 
effects of sodium butyrate on (+ )-biotin oxidation. 
In the case of (+ )-biotin, however, the uninhibited 
rate of oxidation is much lower than the rates of 
oxidation of the ethylthio substituted acids quoted 
in Table 5 (approximately 0-03 umole _biotin/ 
100 mg. wet wt./hr. compared with 0-19—1-15 pmoles 
ethylthio acid/100 mg. wet wt./hr.). 





4 6 8 10 
1/[S} 

Fig. 3. The effect of substrate concentration on the rate of 
oxidation of alkylthio fatty acids. O, ethylthioacetate; 
@, ethylthiopropionate; [S]=substrate concentration in 
pmoles/l. V =velocity of oxidation expressed as wmoles 
4CO, produced/hr./100 mg. wet wt. of tissue. 
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The common di- and tri-carboxylic acids affect 
the rate of oxidation of fatty acids (Geyer, Mathews 
& Stare, 1950) and of a substituted fatty acid 
(Baxter & Quastel, 1953). The conclusion is drawn, 
in both cases, that the results obtained implicate 
the participation of the tricarboxylic acid cycle in 
the complete oxidation of the fatty acid moiety, 
i.e. of the two-carbon fragment derived from the 
fatty acid. Similar increases in the rate of “CO, 
production from the ethylthio fatty acids have been 
obtained (Table 6) through the addition of sodium 
succinate and sodium citrate. 


W. T. BROWN AND P. G. SCHOLEFIELD 





1954 


The effect of metabolic inhibitors on | 
ethylthio fatty acid oxidation 


The effects of sodium malonate and fluoroacetate 
in inhibiting the oxidation of the three ethylthio 
fatty acids tested may be seen from Table 6, again 
indicating the participation of the tricarboxylic 
acid cycle in the oxidation of these substrates. 
Operation of this cycle, however, may only supply 
the energy required for the initial activation of the 
fatty acids and their derivatives. It is worth noting, 
in this connexion, that 2:4-dinitrophenol at a con- 


Table 5. The effect of sodium acetate, propionate and butyrate on the rate of oxidation 
of the corresponding carboxy-labelled ethylthio fatty acids by rat-liver slices 


All values refer to pmoles substrate oxidized/100 mg. wet wt. of tissue/hr. estimated from the “CO, evolved from 
carboxy-labelled substrate and are the means of at least two determinations. The figures in parenthesis refer to the 


umoles fatty acid added/3 ml. vessel contents. 


Concentration ;- 


Substrate (umoles/3 ml.) Nil 
Ethylthioacetate 7-5 0-193 
Ethylthiopropionate 60 0-70 
Ethylthiobutyrate 15 1-15 


Additions 





: 
Na butyrate 


Na acetate Na propionate 


0-183 (30) 0-082 (30) 0-049 (30) 
0-40 (60) 0-60 (60) 0-35 (60) 
0-97 (15) 0-82 (15) 0-52 (15) 


Table 6. The effect of various carboxylic acids on the oxidation of ethylthio fatty acids in rat-liver slices 


Experimental conditions as in Table 5. 


Concentration 


Substrate (umoles/3 ml.) Nil 
Ethylthioacetate 7-5 0-19 
Ethylthiopropionate 60 0-92 
Ethylthiobutyrate 15 1-17 


Table 7. 


Carboxylic acid added 


Succinic Malonic Citric Fluoroacetic 
0-18 (30) 0-07 (30) ae 0-08 (30) 
1-15 (60) 0-25 (60) 1-25 (60) 0-40 (60) 
2-13 (15) 0-34 (15) 1-94 (15) 0-51 (15) 


The effect of anaerobiosis and 2:4-dinitrophenol on ethylthio fatty acid oxidation in rat-liver slices 


Experimental conditions as in Table 5. 


Concentration 
Substrate (umoles/3 ml.) 
Ethylthioacetate 12 
Ethylthiopropionate 15 
Ethylthiobutyrate 9-5 


Gas phase 
O, O,* Ne 
0-33 0-13 0-03 
0-56 0-16 0-03 
1-09 0-49 0-02 


* In presence of 3 x 10-*m-2:4-dinitrophenol. 


Table 8. The effect of benzoic and phenylacetic acids on the oxidation of ethylthiopropionic 
and butyric acids in rat-liver slices 


All values refer to pmoles substrate oxidized/100 mg. wet wt. of tissue/hr. estimated from the “CO, evolved from 
carboxy-labelled substrate. Values obtained from individual determinations are quoted. 


Substrate 
pe 

Sodium ethyl- Sodium ethyl- 
Concentration thiopropionate thiobutyrate 

Additions (umoles/3 ml.) (15 pmoles) (15 pmoles) 

Nil — 0-87 1-26, 1-05 

Sodium benzoate 15 0-43 0-93, 0-83 

Sodium phenylacetate 15 0-84 1-50, — 1 
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centration of 3 x 10-‘m inhibited the oxidation of 
ethylthio substituted acids to CO, by 70 % (Table 7). 
This concentration of 2:4-dinitrophenol had no 
appreciable effect on the Qo, obtained with ethyl- 
thio substituted acids as substrate. 

Certain aromatic carboxylic acids inhibit aceto- 
acetate production from butyrate and crotonate 
(Jowett & Quastel, 1935a), but have no effect on the 
increased rate of oxygen uptake obtained on addi- 
tion of these two acids to liver slices. The effect of 
benzoic and phenylacetic acids on the oxidation of 
ethylthio-propionic and -butyric acids was there- 
fore examined, and the results obtained are quoted 
in Table 8. At the concentration used (0-005m) 
phenylacetic acid had no significant effect, but 
benzoic acid inhibited the “CO, production from 
ethylthiopropionate by 50% and from ethylthio- 
butyrate by 20%. This is in agreement with the 
observation of Jowett & Quastel (1935b) that the 
effect of benzoate on acetoacetate formation is 
greatest with the short-chain fatty acids. 

Some effect of individual alkylthio fatty acids on 
the oxidation of other members of the series could 
be demonstrated. However, the effect was small; 
12-5 x 10-*m sodium ethylthioacetate inhibited the 
oxidation of 5 x 10-*m sodium ethylthiopropionate 
by only 25 % and no significant effect was observed 
with 7-5 x 10-*m sodium ethylthioacetate. 


Oxidation of sodium ethylthiopropionate 
derivatives 


The evidence presented by Maw (1953) indicates 
that the alkylthio fatty acids are oxidized in vivo to 
sulphate. This oxidation might proceed by direct 
loss of two-carbon fragments from the fatty acid 
moiety or after initial oxidation of the sulphur to 
a sulphoxide or sulphone. Experiments with 
carboxy-labelled sodium ethylthiopropionate sul- 
phone showed that it was oxidized at about one- 
third the rate of the corresponding sulphide com- 
pound, 0-26 compared with 0-72 umole/hr./100 mg. 
wet wt. rat liver. 

In preliminary experiments with non-labelled 
dimethyl- and diethyl-propiothetins we have been 
unable to demonstrate the oxidation of these 
compounds or any inhibitory action by them on the 
oxidation of labelled ethylthiopropionate. 


DISCUSSION 


The alkylthio fatty acids are oxidized by several rat 
tissues, the most active being the liver. The rate of 
oxidation is greatest with ethylthiobutyric acid, 
less with the propionic derivative and smallest with 
ethylthioacetate as substrate. Of these three 
compounds, only the propionic acid derivative gave 
rise to mercaptan on injection or on incubation with 
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tissue slices. The following scheme for the oxidation 
of these compounds is therefore proposed : 


R.S.CH,.CH,;CH,.COOH-+R.S.CH,.COOH— 
>>S0,- 


R.S.CH,:!CH,.COOH—R.S.COOH—RSH 
alkylthiolearbonate 

According to this scheme, the derivatives of the 
even-numbered fatty acids would give rise, on 
continued oxidation, to the corresponding acetic 
acid derivative. This derivative, slowly oxidized by 
liver, would eventually yield sulphate. The deri- 
vatives of the odd-numbered fatty acids would give 
rise to the corresponding formic acid derivatives 
(ef. benzoic) which, in this case, are the alkyl] thiol- 
carbonates. On hydrolysis of these compounds, 
free mercaptans and CO, would be formed. 

The effects of sodium acetate, propionate and 
butyrate in diminishing the rate of “CO, production 
from sodium ethylthiopropionate and ethylthio- 
butyrate may be due to dilution or to a direct in- 
hibition, e.g. by competition. In either case the same 
or similar pathways for the oxidation of the fatty 
acids and their ethylthio derivatives are indicated. 

There, seems to be, at present, no satisfactory 
explanation for the oxidation of the ethylthio- 
acetate. It should be noted that sodium acetate has 
no effect on ethylthioacetate oxidation so that 
dilution by inactive sodium acetate or its oxidation 
products does not occur. The inhibition by pro- 
pionate and butyrate (Table 5) cannot therefore be 
explained in terms of a dilution effect. Furthermore, 
no stimulation of ethylthioacetate oxidation by 
succinate or citrate is observed (Table 6), whereas 
the rates of oxidation of the other alkylthioacids 
are greatly increased by these substrates. Malonate 
and fluoroacetate, on the other hand, both inhibit 
the oxidation of ethylthioacetate. This inhibition 
may be explained by a limitation of adenosine 
triphosphate production required for initial activa- 
tion of ethylthioacetate rather than by a direct 
inhibition of the pathway for CO, release. 

The phenyl fatty acids, which are effective in- 
hibitors of fatty acid oxidation (Jowett & Quastel, 
1935a, b), also inhibit oxidation of the alkylthio 
fatty acids. The inhibitory effect with fatty acids is 
on acetoacetate formation, but with the alkylthio 
fatty acids, which do not yield acetoacetate (Avigan 
& Scholefield, 1954), benzoic acid inhibits the oxida- 
tion to CO,. Phenylacetic acid, on the other hand, 
had no effect on alkylthio fatty acid oxidation. 


SUMMARY 


1. The addition of alkylthio fatty acids to slices 
of mouse kidney, mouse liver and rat kidney de- 
pressed the respiratory activity of these tissues but 
when added to slices of rat liver, guinea pig kidney 
and guinea pig liver they produced a marked in- 
crease in — Qo, values. 
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2. Sodium methylthiopropionate (0-02m) and 
methylthioacetate (0-02mM) both inhibited the 


oxidation of sodium pyruvate (0-02Mm) in rat- 
kidney slices, but had no effect on the oxidation of 
the sodium salts of carboxylic acids that were 
tested. Pyruvate oxidation in rat-brain homogenate 
was not effected. 

3. All the alkylthio fatty acids examined in- 
hibited the D-amino acid oxidase of rat-kidney 
homogenate but had no effect on several other 
enzyme systems that were examined. 

4. The oxidation of ethylthio-acetate, -propionate 
and -butyrate was studied using [carboxry-'4C]- 
labelled substrates. Evidence is presented which 
indicates that these compounds are oxidized in a 
manner analogous to the oxidation of the unsub- 
stituted fatty acids. 

5. A scheme has been outlined to explain the 
metabolism of the alkylthio fatty acids and the 
production of mercaptans. 

We wish to thank Professor J. H. Quastel, F.R.S., for his 
interest and advice. We are also grateful to the National 
Cancer Institute of Canada for a grant in aid of a programme 
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of work of which the above represents a part. One of us 
(W.T.B.) was the holder of a Canada Packers Fellowship at 
McGill University, Montreal, during the present investiga- 
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Studies of Fatty Acid Oxidation 
2. THE EFFECT OF ALKYLTHIO FATTY ACIDS ON ACETYLATION REACTIONS 


By J. AVIGAN anv P. G. SCHOLEFIELD 
Montreal General Hospital Research Institute, Montreal, Canada 


(Received 26 April 1954) 


It has been shown (Brown & Scholefield, 1954) that 
ethylthioacetate and ethylthiopropionate inhibit 
the oxidation of pyruvate in rat-kidney and rat- 
liver slices but not in rat-brain homogenate. 
Subsequent work has shown that the alkylthio 
fatty acids also affect the metabolism of fatty 
acids. The purpose of the present work was to 
investigate the nature of these phenomena. Alkyl- 
thioacetic acid derivatives were used through- 
out whenever possible because of the relatively low 
rate at which they are oxidized in mammalian 
tissues. 


METHODS AND MATERIALS 


The preparation of tissue slices, substrates, radioactive 
materials and the incubation medium were as previously 
described (Brown & Scholefield, 1954). We are indebted to 
Dr D. E. Douglas of this Institute for supplying ail the 
radioactive compounds used in the present work. 

Pigeon-liver acetone powders. These were obtained by 
standard procedures and stored in a vacuum desiccator 
at 0°. 

Determinations of sulphanilamide. These were made by 
the method of Bratton & Marshall (1939). 


Mitochondria. These were prepared by the method of 
Schneider (1948) using 0-25m sucrose. Acetone powders 
were obtained by a method that was essentially that of 
Drysdale & Lardy (1953). Excess acetone was added to the 
packed mitochondria after two washings with isotonic 
sucrose, the mixture was stirred and, after all lumps were 
broken, the powder was isolated by centrifuging or filtration. 
After several washings with acetone the powder was dried 
in a vacuum desiccator and stored at 0°. 

Acetoacetate determinations. These were made on the 
contents of Warburg flasks (slice and medium) after dis- 
placement of “CO, with HCl. Aniline hydrochloride 
(45% (w/v); 0-2 ml.) was tipped into the vessels from the 
side arms (Jowett & Quastel, 1935) and incubation at 37° 
maintained for 2 hr. Evolved 14CO, was collected in 0-2 ml. 
20% NaOH in the centre well. Carrier Na,CO, was then | 
added, BaCO, formed and counted in the usual way. 

f 


RESULTS 


The effects of alkylthio substituted acids on the 
oxidation of sodium pyruvate, acetate and butyrate 


In preliminary experiments with [carboxy-“C]- 


pyruvate, there was no inhibitory effect of ethyl- | 
thioacetate on CO, production in the presence of  } 
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guinea pig-liver slices. In a typical experiment, 
addition of 0-01m sodium pyruvate alone yielded 
3-7 pmoles CO,/hr./100 mg. wet wt. and in the 
presence of 0-01m sodium ethylthioacetate 4-2 p- 
moles CO,/hr./100 mg. wet wt. were obtained. 
However, when the oxidation of [«-!4C]pyruvate 
was studied in the same tissue under similar 
experimental conditions there was a pronounced 
inhibition of [carboxy-4C]acetoacetate production 
but no significant effect on —Qo, values. It was 
this inhibition of acetoacetate production which 
prompted the use of guinea pig-liver slices, as 
acetoacetate synthesis is high in this tissue. Since 
sodium pyruvate yields relatively little aceto- 
acetate and since the action of the ethylthioacetate 
appeared to be concerned with the metabolism of 
the acetyl compound derived from pyruvate, the 
effect of ethylthioacetate on the metabolism of 


Table 1. Effect of various concentrations of sodium 
ethylthioacetate on the oxidation of 0-01m [carb- 
oxyC)]acetate in guinea pig-liver slices 


Results reported as pmoles/hr./100 mg. wet wt. of tissue. 


Concentration 


of ethylthio- 4CO, [carboxy-"*C}]- 
acetate produced Acetoacetate 
(m) - Qo, (umoles) (umole) 

Nil 6-8 1-28 0-086 
0-005 5-6 0-81 0-024 
0-01 4-5 0-83 0-008 
0-02 5-7 1-15 0-006 
0-05 4-6 0-92 0-005 


Table 2. Effect of various concentrations of sodium 
ethylthioacetate on the oxidation of 0-02M [carb- 
oxy -C]butyrate in guinea pig-liver slices 


Results reported as wmole/hr./100 mg. wet wt. of tissue. 


Concentration 
of ethylthio- 4CO, [carboay-4C]- 
acetate produced Acetoacetate 
(m) -Qo, (umole) (umole) 
Nil 7-9 0-58 0-66 
0-005 7-2 0-75 0-60 
0-01 7-6 0-64 0-34 
0-02 7-2 0-69 0-17 
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sodium acetate was studied. It will be seen from the 
results shown in Table 1 that ethylthioacetate has 
a small but variable (10-35 %) inhibitory effect on 
14CO, production. On the other hand, the inhibition 
of acetoacetate formation is dependent on the con- 
centration of inhibitor and at concentrations of 
0-01m and higher is virtually complete. Similar 
results were obtained with methylthioacetic acid. 
The same specific inhibitory action was observed 
with [carboxy-*C]butyrate as substrate (Table 2). 
No significant inhibition of “CO, production was 
apparent at any concentration (all values were 
0-65 + 0-1 pmole/hr./100 mg. wet wt. of tissue). 
Addition of increasing quantities of ethylthio- 
acetate, however, resulted in increasing inhibitions 
of acetoacetate synthesis rising to 74% at a con- 
centration of 0-02M inhibitor and 0-02 substrate. 


Comparison of the effects of ethylthioacetate and 
benzoate on the oxidation of acetate and butyrate in 
guinea pig-liver slices 


Sodium benzoate inhibits acetoacetate production 
from fatty acids (Jowett & Quastel, 1935) and the 
oxidation of ethylthiopropionate and ethylthio- 
butyrate to carbon dioxide (Brown & Scholefield, 
1954). Furthermore, the above results show that 
ethylthioacetate specifically inhibits acetoacetate 
formation from acetate and from butyrate. The 
specificity of action of benzoate on the oxidation of 
acetate and butyrate to carbon dioxide and aceto- 
acetate was therefore investigated. The effect of 
various concentrations of benzoate on the oxidation 
of these substrates (labelled with '4C in the carboxy 
group) is shown in Table 3. Comparison of these 
results with those quoted in Tables 1 and 2 indicates 
that benzoate is about 4 times as effective as ethyl- 
thioacetate in inhibiting acetoacetate formation 
from both acetate and butyrate in guinea pig-liver 
slices. However, it is obvious that addition of 
benzoate, in contrast to alkylthioacetates, also 
results in a significant inhibition of “CO, produc- 
tion from either substrate at relatively low concen- 
trations (5 x 10-*m). 


Table 3. Effect of various concentrations of sodium benzoate on the oxidation of sodium acetate 
and sodium butyrate (both [carboxy-C}]-labelled) in guinea pig-liver slices 


Results reported as pmole/hr./100 mg. wet wt. of tissue. In no case was there any significant effect on — Qo, value. 








Substrate 
al. + 
0-01m Sodium acetate 0-01m Sodium butyrate 
Concentration ——————“ ae aml ‘ 
of sodium MCO, [carboxy-4C]- 4CO, [carboxy-"C]- 
benzoate produced Acetoacetate produced Acetoacetate 
(Mm) (umole) (umole) (umole) (umole) 
Nil 0-68 0-069 0-67 0-60 
0-005 0-40 0-010 0-51 0-16 
0-01 0-39 0-007 0-50 0-12 
0-02 0-31 0-006 0-45 0-06 
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The inhibitory actions of benzoate and ethylthio- 
acetate are therefore similar but the action of the 
latter is more specific. 


The effect of ethylthioacetate on acetylation of 
sulphanilamide with pyruvate as substrate 


Previous work (Brown & Scholefield, 1954) 
showed that ethylthioacetate does not inhibit the 
acetylation of sulphanilamide in aqueous extracts 
of acetone powders of pigeon liver in presence of 
acetate and adenosine triphosphate (ATP). The 
effect of the alkylthio fatty acids on the ability of 
anaerobic pyruvate dismutation to lead to acetyla- 
tion of sulphanilamide was therefore examined, 
since it was also shown that pyruvate oxidation 
may be affected by the presence of these compounds. 


Table 4. Inhibition of sulphanilamide acetylation by 
sodium ethylthioacetate with sodium pyruvate as 
acetyl donor in aqueous extracts of pigeon-liver 
acetone powder 


The powder was extracted with 0-033mM-MgCl, and 1 ml., 
containing the equivalent of 100 mg. powder, was used/ 
vessel. Other contents were 60 moles sodium phosphate 
buffer, pH 7-4; 120 ug. sulphanilamide; 3-0m-NaCl to give 
a final concentration of sodium ions of 0-2M; substrate and 
inhibitor as indicated; 0-75ymole diphosphopyridine 
nucleotide and water to a final volume of 3 ml. Incubation 
time, 90 min. at 37° in air. 


Sulphanilamide acetylated 


; (ug-) 
Sodium 
ethylthioacetate 0-015Mm Sodium 
concentration No pyruvate pyruvate 
(M) added added 
Nil 23 102 
0-01 Hi 96 
0-03 13 84 
0-05 9 65 
0-07 7 57 
0-09 6 46 
0-11 5 36 


Table 5. Inhibition of sulphanilamide acetylaiion by 
various carboxylic acids with sodium pyruvate as 
acetyl donor in aqueous extracts of pigeon-liver 
acetone powder 


Conditions as in Table 4 except that the final concentra- 
tion of sodium ions was 0-4M. 


Inhibition 
produced by 
Inhibitor 0-1m carboxylic acid 
(added as sodium salt) (%) 
Ethylthioacetate 55 
Ethylthiopropionate 54 
Methylthiopropionate 41 
Valerate 35 
Butyrate 23 
Propionate 17 
Succinate 0 


(Chloride 0) 
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An inhibition was apparent (Table 4) but, although 
0-01m ethylthioacetate inhibits the acetylation to 
some extent, a concentration of 0-1M is required to 
produce 50% inhibition. Further examination, 
however, showed that the effect is not a specific one 
and that it may be obtained with many other 
carboxylic acids (Table 5). In all the examples 
quoted in Table 5 the concentration of sodium ions 
was maintained at 0-4 by addition of appropriate 
quantities of sodium chloride. 0-4m Sodium 
chloride had no effect on the acetylation of sul- 
phanilamide from pyruvate. Sodium acetate, on 
the other hand, produced a marked increase in the 
extent of acetylation. In a typical experiment, 
addition of 0-01m sodium pyruvate to a pigeon-liver 
extract resulted in the acetylation of 40g. sul- 
phanilamide and the further addition of 0-lm 
sodium acetate increased this value to 90 ug. None 
of the carboxylic compounds examined inhibited 
the dismutation reaction as followed by carbon 
dioxide evolution. 


The role of coenzyme A in the action of 
alkylthioacids on acetylation reactions 


The possibility of alkylthioacyl derivatives of 
coenzyme A playing a role in these phenomena was 
investigated. 

Drysdale & Lardy (1953) showed that oxidation 
of fatty acids may be followed in acetone powders 
of mitochondria, and it has recently been shown 
(Mahler, Wakil & Bock, 1953) that a purified 
enzyme preparation is capable of condensing 
several substituted fatty acids with coenzyme A. 
Experiments with aqueous extracts of acetone 
powders of guinea pig-liver mitochondria showed 
(Table 6) that ethylthioacetate may also form a 
coenzyme A derivative. The acyl-CoA was measured 
as a hydroxamate by the method of Lipmann & 
Tuttle (1945). 


Table 6. Demonstration of ethylthioacetyl-CoA 
formation 


Present in all vessels were 30 umoles aminotrishydroxy- 
methylmethane (THAM) buffer, pH 8-0; 30 zmoles NH,OH, 
HCl, pH 8-0; 15ymoles cysteine, pH 8-0; 1-0 ml. enzyme 
solution (300 mg. acetone powder of guinea pig-liver 
mitochondria extracted with 6 ml. 0-006M-MgCl,) and 
water to make a final volume of 1-5 ml. ATP, when used, 
4-5 mg./vessel; CoA, 0-1 mg./vessel, when used. 15 moles 
substrate/vessel. Incubation at 37° for 1 hr. 


Hydroxamic 
acid formed* 
Substrate CoA +ATP (umoles) 
Nil + 0-14 
Ethylthioacetate - 0-12 
Ethylthioacetate + 1-08 
Octanoate e + 0-56 


* Calculated from a standard curve for acethydroxamic 
acid. 
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shough Formation of a hydroxamate in this preparation 
ion to | is dependent on ATP. After previous treatment of 
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1ation, 


the extract with Dowex-1 resin (acid-treated form), 
hydroxamate formation may also be shown to be 
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obtained with ethylthioacetate in pigeon-liver 
slices. It is concluded from these results that 
neither ethylthioacetate nor its coenzyme A deri- 
vative appreciably inhibits the condensation of 


fic one | dependent on coenzyme A. Hydroxamatesofmany acetyl-CoA with sulphanilamide. 
other | substituted fatty acids are also formed in aqueous The condensation of acetyl-CoA with itself was, 
imples | extracts of pigeon-liver acetone powders but only however, inhibited in suitable extracts. In general, 
m ions | acethydroxamic acid formation was found to be little inhibition of acetoacetate formation obtains 
priate | dependent on coenzyme A and ATP. The lipase- when pigeon-liver extract alone is used but a marked 
odium | catalysed reaction (Lipmann & Tuttle, 1950) inhibition is always observed on addition of guinea 
of sul. | between fatty acids and hydroxylamine in the pig-liver mitochondrial extracts (Table 8). The 
te, on | absence of cofactors probably accounts for the relative concentrations of the two extracts seems to 
in the | observed results in pigeon-liver extracts. There determine the extent of inhibition. 
ment, | seems to be relatively little of this enzyme present in 
-liver | extracts of acetone powders of guinea pig-liver Table 7. Effect of sodium ethylthioacetate on acetyla- 
y. sul- | mitochondria. tion of sulphanilamide in the presence of extracts of 
0-1M The effect of sodium ethylthioacetate on sul- acetone powders of guinea pig liver mitochondria 
None phanilamide acety: lation and acetoacetate forma- Present in all vessels were 30umoles THAM buffer, 
ibited | tion in pigeon-liver extracts was examined in the pH8-0; l5umoles cysteine, pH 8-0; 7-5umoles ATP; 
arbon | presenceand absence of the guineapig-liverenzyme. 0-1 mg. CoA; 80yg. sulphanilamide and 1-0 ml. pigeon- 
In these experiments pigeon-liver extract supplied liver extract (50 mg./ml. in 0-006m-MgCl,). Guinea pig- 
most of the enzyme activity necessary for acetyl- _ liver extract, when present, was equivalent to 50 mg./ml. in 
CoA synthesis and acetylation of sulphanilamide, 9-006M-MgCl,. 15ymoles substrate used. Final volume 
guinea pig-liver mitochondrial extract supplied the 1-5 ml. Incubation 1 hr. at 37° in air. The values quoted 
es of | enzymes necessary for alkylthioacyl-CoA synthesis 9"@ the means obtained from three separate experiments. 
; ‘ Individual determinations made with the same prepara- 
a was | and both extracts supplied the enzyme required for ,. q 
: tions did not vary from the mean by more than +10%. 
acetoacetate synthesis from acetyl-CoA. ha 
ation It will be seen from the results given in Table 7 Sulphanilamide acetylated 
vders | that ethylthioacetate has no effect on sulphanil- (m 8) 
hown | amide acetylation in pigeon-liver extracts alone but Guinea pig Guinea pig 
rified | does have a slight effect in the presence of added liver-extract liver-extract 
nsing | guinea pig-liver mitochondrial extract. Potassium Substrate absent present 
1e A. | salts were used in the experiments reported in Nil _ 20 22 
stone | Table 7 since it has been shown (Von Korff, 1953) Potassium acetate 57 41 
é : nes : Potassium ethylthioacetate 22 17 
owed | that sodium ions inhibit acetyl-CoA synthesis. In potassium acetate and 53 33 
rma | addition, no inhibition of acetylation could be _ potassium ethylthioacetate 
ured 
mn & Table 8. Inhibition by potassium ethylthioacetate of acetoacetate formation in presence of pigeon- 
and guinea pig-liver extracts 
A All vessels contained 60 zmoles THAM buffer, pH 8-0; 30 umoles cysteine, pH 8-0; 15 zmoles ATP; 0-05 mg. coenzyme 
A; 15 umoles [carboxy-“C]acetate (100000 counts/min./vessel) and further additions, as indicated. Both extracts treated 
with Dowex-1 (acid-treated form). Incubation 1 hr. at 37° in air. Final volume, 3 ml. 
roxy: Inhibition of 
OH Pigeon-liver Guinea pig- [carboxy-MC]- 
ethan: Potassium Potassium extract liver extract acetoacetate 
v ethylthioacetate chloride equivalent to equivalent to *Counts/ formation 
= Expt. (™) (m) (mg.) (mg.) minute (%) 
1 — 0-01 75 60 2060 — 
wk 0-01 — 75 60 2160 -5 
noles 
2 = 0-01 25 50 2200 — 
y 0-01 _ 25 50 1670 24 
nic 3 = 0-01 7-5 50 365 — 
ed* 0-01 — 75 50 148 59 
) 4 es 0-01 50 a 3050 bats 
0-01 _— 50 — 2580 15 
—_ 0-01 10 50 386 — 
0-01 — 10 50 170 56 
—_ 0-01 _— 50 286 —_ 
umic 0-01 — — 50 61 79 


f * Total counts/min. found in [carbory-“C]acetoacetate. 
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DISCUSSION 


Oxidation of pyruvate by rat-brain homogenates is 
not affected by the presence of alkylthio fatty acids. 
It is therefore probable that pyruvic oxidase itself 
is not inhibited by alkylthio substituted acids. This 
is confirmed by the fact that ethylthioacetate has 
no effect on 4CO, production from [carboxy-4C]- 
pyruvate in guinea pig-liver slices. The inhibition of 
pyruvate oxidation in rat-kidney slices by alkylthio 
substituted acids (Brown & Scholefield, 1954) must 
then be concerned with the metabolism of the acetyl 
compound produced from pyruvate. The results of 
experiments on the metabolism of [«-'*C]pyruvate 
and [carboxy-C]acetate and -butyrate in guinea 
pig-liver slices confirm this conclusion. They show 
that the presence of ethylthioacetate inhibits the 
synthesis of acetoacetate from acetyl-CoA. It is 
unlikely that alkylthio substituted acids inhibit the 
synthesis of acetyl-CoA itself, since they do not 
affect the acetylation of sulphanilamide from 
acetate, CoA and ATP in pigeon-liver extracts. 

The inhibition of acetoacetate synthesis is 
apparently specific, as the alkylthio substituted 
acids have relatively little effect on metabolic 
carbon dioxide production in liver slices (which 
involves the acetylation of oxaloacetate) or on the 
acetylation of sulphanilamide. 

Experiments with extracts of pigeon-liver and 
of guinea pig-liver mitochondria show that free 
ethylthioacetate does not inhibit acetoacetate 
synthesis from [carboxy-“C]acetate. However, 
under conditions which permit the synthesis by the 
extracts of ethylthioacetyl-CoA, an inhibition of 
acetoacetate synthesis from acetate occurs. It 
is therefore suggested that the formation of a 
coenzyme A derivative is responsible for the ob- 
served inhibition of acetoacetate synthesis. The 
actual inhibition varies with the relative amounts of 
extracts present, and under suitable conditions, may 
approach the value obtained in experiments with 
guinea pig-liver slices. 

Sodium benzoate has an inhibitory action on 
acetate and butyrate metabolism which is similar 
to that obtained with ethylthioacetate. It seems 
likely therefore that the inhibitions produced by 
benzoate may be due to benzoyl-CoA synthesis. 
Such a synthesis does occur since Chantrenne 
(1951) showed that coenzyme A is essential for 
benzoylation of glycine, and Schachter & Taggart 
(1953) showed that synthetic benzoyl-CoA is 
capable of benzoylation in the presence of suitable 
enzymes. Finally, the enzymic synthesis of ben- 
zoyl-CoA by a purified enzyme preparation from 
liver has been demonstrated (Mahler et al. 1953). 

A similar hypothesis was advanced (Lang & 
Biissler, 1953) to account for the inhibition by pro- 
pionate of acetoacetate synthesis from acetate in 


J. AVIGAN AND P. G. SCHOLEFIELD 






1954 


rat-liver cyclophorase preparations. However, it 
was not shown by these authors that the formation 
of propionyl-CoA was essential for the inhibitory 
action of propionate. 

The carboxylic acids examined are not known 
to form coenzyme A complexes in pigeon-liver 
extracts. The present hypothesis, therefore, does 
not explain the fact that both simple fatty acids and 
alkylthio fatty acids inhibit the acetylation of 
sulphanilamide with pyruvate as acetyl donor but 
not when acetate and ATP are used as acetyl donor, 
An explanation is possible in terms of the hypo- 
thetical acetyl-enzyme complex which may be 
formed (Schweet & Cheslock, 1952) in the oxidation 
of pyruvate by pyruvic oxidase. The observed 
results would obtain if the reaction of this acetyl- 
enzyme complex with coenzyme A to form acetyl- 
CoA is inhibited by the carboxylic acids. The 
stimulation by acetate would be explained by an 
inhibition of the hydrolysis of the acetyl—enzyme 
complex in the same manner as the nicotinamide 
inhibition of the hydrolysis of the alleged nicotin- 
amide-enzyme complex (Zatman, Kaplan & 
Colowick, 1953) by spleen DPNase. 


SUMMARY 


1. Sodium ethylthioacetate inhibits the oxida- 
tion of [«-!4C]pyruvate to CO, and acetoacetate in 
guinea pig-liver slices but has no effect on the oxida- 
tion of [carboxy-“4C]pyruvate to 4CO,. 

2. The production of acetoacetate from acetate 
and butyrate is inhibited by sodium ethylthio- 
acetate but “CO, production from the [carboxy-4C}]- 
labelled substrates is relatively unaffected. 

3. The effect of alkythio fatty acids on aceto- 
acetate formation is similar to that of benzoate. 

4. The simple and alkylthio fatty acids inhibit 
sulphanilamide acetylation with pyruvate as 
acetyl donor. Acetate increases the rate of acetyl- 
ation. 

5. Alkylthio fatty acids form coenzyme A 
derivatives and evidence has been obtained which 
supports the suggestion that both alkylthio fatty 
acids and benzoic acid produce their inhibitory 
effects on acetoacetate synthesis only after forma- 
tion of a coenzyme A derivative. 


We wish to thank Professor J. H. Quastel, F.R.S., for his 
interest and advice. We are also grateful to the National 
Cancer Institute of Canada for a grant in aid of a programme 
of work of which the above represents a part. 
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The Activation of Tryptophanase Apo-enzyme by Potassium, 
Ammonium and Rubidium Ions 


By FRANK C. HAPPOLD anp A. STRUYVENBERG* 
Department of Biochemistry, University of Leeds 


(Received 5 April 1954) 


Pyridoxal phosphate is the coenzyme to the trypto- 
phanase apo-enzyme (Wood, Gunsalus & Umbreit, 
1947; Dawes, Dawson & Happold, 1947), but its 
addition to dialysed enzyme preparations only 
effects a partial reactivation of the apo-enzyme, and 
this capacity to reactivate decreases as dialysis 
proceeds, as shown in the present communication. 
In previous studies in these laboratories we observed 
an apparent activation of tryptophanase by treat- 
ment with certain antisera other than anti-trypto- 
phanase and then observed that this activating 
effect was shared with normal rabbit sera (Dolby, 
Hall & Happold, 1951); this activating effect was 
not destroyed by heating the serum to 100° and was 
not due to any deficiency of pyridoxal phosphate. 
Two possibilities have been investigated in the 
present studies: (1) that removal of the coenzyme 
by dialysis allowed an irreversible inactivation of 
the apo-enzyme to occur, (2) that the enzyme 
complex requires other dialysable activators be- 
sides pyridoxal phosphate to complete the system. 
We have observed that ammonium, potassium and 
rubidium ions activate dialysed cell-free prepara- 
tions of tryptophanase prepared from Escherichia 
coli. 


EXPERIMENTAL 


The enzyme preparations used were obtained from acetone- 
dried cells of Esch. coli which had been grown for 18 hr. at 


. 37° on casein digest agar medium (Dawes et al. 1947). The 


dried cells were extracted overnight at 37° with a solution of 
0-8m-KCl (40 mg. dried cells/ml. solvent). The activity of 
the enzyme was determined by measuring the initial rate of 
indole formation in a total volume of 2:5 ml. comprised of 
0-5 ml. enzyme preparation, 1 ml. 0-1m sodium phosphate 
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added distilled water with or without different ions and with 
or without 10ug. pyridoxal phosphate. When conditions 
have been varied the variation is stated. The enzymic 
activity of the preparations was determined by the method 
of Gooder & Happold (1954) and is expressed in terms of the 
indole produced in the above system during the initial 
7 min. at 37°. The reaction was stopped by the addition of 
two drops of 40% formaldehyde instead of the trichloro- 
acetic acid previously used. The cations tested were added as 
chlorides (0-5 ml. solution); the final concentration of the 
cation was therefore one-fifth of that added. Enzyme pre- 
parations were dialysed in cellophan bags rotated at an 
angle of 45° in the dialysing liquid; an air bubble and a few 
glass beads were provided in the bag to increase the circula- 
tion of its contents (Spiegelman, Reiner & Morgan, 1947). 
As dialysis of these preparations at room temperature 
resulted in rapid inactivation of the enzyme, this procedure 
was carried through at 2°. 


RESULTS 


Dialysis of the enzyme against distilled water. The 
results presented in Fig. 1 shows that the rate of 
inactivation of the enzyme increased progressively 
as the period of dialysis was prolonged. Inactivation 
was complete in 3 hr. and in some experiments 
much sooner. After 45 min. dialysis, complete 
activity was restored by the addition of pyridoxal 
phosphate; after 90 min., 80% of the original 
activity could be recovered, after 3 hr. a mere trace 
and after 4 hr. no reactivation occurred. The results 
presented in Fig. 2 show that 45 min. dialysis 
resulted in a loss of 84% of the original activity, 
and the addition of pyridoxal phosphate only 
raised the activity to 29% of the initial value. 
These results show that there is some factor causing 
loss of tryptophanase activity other than the loss 
of pyridoxal phosphate; moreover, additions of 
pyridoxal phosphate to the dialysed enzyme over 
the basic amount did not increase the activity. 
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Dialysis of the enzyme against salt solutions. When 
enzyme preparations (in 0-8M-KCl) were dialysed 
against 0-01m sodium phosphate (pH 7-6) contain- 
ing 0-25M-NaCl, rapid inactivation occurred; but 
when 0-25mM-KCl was substituted for NaCl, the 
activity increased by 20% after 30 min. dialysis 
and even after 15 hr. 90 % of the initial activity still 
remained in the preparation. This increase in 
activity which has been frequently observed in the 
early stages of dialysis against solutions of 0-25m- 
KCl might be due to the fact that 0-8mM- and 
0-25M-KCI are on opposite sides of the optimum 
salt concentration for maximum enzymic activity. 
Additional experiments demonstrated that dialysis 
against stronger solutions of KCl (up to 1-25m) 
resulted not only in increased tryptophanase 
activity but in a stabilization of this heightened 
activity over a period of days, whereas complete 
inactivation occurred with 1-25mM-NaCl in 4hr. 
A tryptophanase preparation (in 0-8M-KCl) re- 
mained stable for 41 hr. and retained 60% of its 


3 


30 


—_ 
oO 


Enzymic activity (ug. indole/7 min.) 
N 
5 





Oo 


0 30 60 9 
Time of dialysis (min.) 


120 150 


Fig. 1. The effect of pyridoxal phosphate addition on the 
activity of dialysed and undialysed tryptophanase. 
1 ml. of 0-1m sodium phosphate buffer (pH 7-8); 0-5 ml. 
enzyme; 2 mg. L-tryptophan; water to 2-5 ml. 1, original 
enzyme; 2, original enzyme + 10 yg. pyridoxal phosphate; 
3, dialysed enzyme; 4, dialysed enzyme + 10 yg. pyridoxal 
phosphate. 
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original activity after 83 hr. (Table 1). A 25m, 
sample of the same preparation dialysed against 4], 


of 0-8m-KCl, which was changed daily, showed no | 


loss of activity after 19 hr.; after 41 hr. it retained 
88% of its original activity, which was raised to 
96% when 10g. pyridoxal phosphate was added 
to the system. Progressive decay of the enzyme 
system then occurred with increasing time of 
dialysis, this decay being perhaps slightly reduced 
by the addition of pyridoxal phosphate. 

The effect of the addition of potassium ions and 


pyridoxal phosphate to the dialysed enzyme. An | 


enzyme preparation (40 ml.) was dialysed against 
41. of distilled water (final K* concentration 
approx. 0-008m). Samples were removed from the 
dialysis sac at intervals during a 3 hr. period and 
their activities compared with the original enzyme 
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Fig. 2. The effect of the addition of pyridoxal phosphate 
and potassium chloride singly and combined and of 
concentrated dialysate to dialysed tryptophanase. 
1 ml. of 0-1m sodium phosphate buffer (pH 7-8); 0-5 ml. 
enzyme; 2 mg. L-tryptophan; water and other additions 
to2-5 ml. 1, dialysed enzyme; 2, dialysed enzyme + 10 yg. 
pyridoxal phosphate; 3, dialysed enzyme+KCl to 
0-166; 4, dialysed enzyme + pyridoxal phosphate + KCl 
combined; 5, dialysed enzyme +equivalent of concen- 
trated dialysate; 6, original undialysed enzyme. 


Table 1. Effect of dialysis against 0-8M potassium chloride on activity of tryptophanase 


i ml. 0-1m sodium phosphate buffer (pH 7-8); 0-5 ml. enzyme preparation; 2 mg. L-tryptophan; water to 2-5 ml.; 


pyridoxal phosphate, 10 yg. 


Age of enzyme Original enzyme 


Activity of enzyme (yg. indole/7 min.) 





Dialysed enzyme 


or period of ————-7T.\Wwh 
dialysis + Pyridoxal + Pyridoxal 
(hr.) Alone phosphate Alone phosphate 
0 14-1 —_ — 

17 141 14-1 14-1 3 14-1 
41 14-1 14-1 12-45 13-5 
83 8-25 8-5 6-10 6-5 

179 _— —_ 3-65 4-0 
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Table 2. Effect of the addition of monovalent cations and magnesium on the activity of dialysed tryptophanase 


1 ml. of 0-1M sodium phosphate buffer (pH 7-8); 0-5 ml. dialysed enzyme; 2 mg. L-tryptophan; 10yg. pyridoxal phos- 
phate; 0-5 ml. 0-1m appropriate chloride (except MgCl, which was 0-02M); water to 2-5 ml. In the controls 0-5 ml. water 


was substituted for the added chloride. 


Activity of system (ug. indole produced in 7 min.) 


Dialysed enzyme 


(preparation no.) Control NaCl KCl 
1 9-4 7:3 22:1 
2 Trace Trace 5-0 
3 35 3-5 10-8 


preparation. Tests were made with the following 
additions to the dialysed enzyme: (1) pyridoxal 
phosphate (10 yg.) ; (2) KCl (to its initial concentra- 
tion in the undialysed enzyme); (3) pyridoxal 
phosphate and KCl together; (4) no additions; 
(5) concentrated dialysate. The last series was 
included to see whether any factor other than 
pyridoxal phosphate which might influence enzymic 
activity was removed by dialysis. The results are 
recorded in Fig. 2. They show a slight restoration of 
the activity of the dialysed enzyme when pyridoxal 
phosphate is added, a much greater one by the 
addition of K* and a small further increase when K* 
and pyridoxal phosphate are added jointly. In this 
experiment, whilst the rate of inactivation on 
dialysis is more rapid than that shown in Fig. 1, the 
loss in activity is less dependent upon loss of pyri- 
doxal phosphate. The final concentration of K* in 
the experiment recorded in Fig. 1 was not deter- 
mined but was almost certainly less than the con- 
centration (0-008™M) in the present experiment. The 
addition of concentrated dialysate produced an 
effect indistinguishable from that obtained with 
K ions alone, suggesting that no additional cofactor 
is removed on dialysis. The degree of re-activation 
with added K*, which was approximately 50% 
after 90 min., drops rapidly as dialysis proceeds. 
The effect of addition of other cations on the re- 
activation of dialysed tryptophan. In early studies 
we had observed that tryptophanase preparations 
precipitated with (NH,),SO, retained their activity 
for long periods until the salt was removed, and it 
therefore seemed desirable to us to test the action of 
other monovalent cations. Enzyme preparations 
were consequently dialysed for 2 hr. at 5° against 
water and 1 ml. samples tested for their initial 
activity rates in the presence of sodium phosphate 
buffer (pH 7-0), pyridoxal phosphate and various 
cations added as chlorides. The results (Table 2) 
make it clear that ability of ions to reactivate the 
dialysed enzyme follows the order NH,* > K* > Rb*, 
while Na, Li and Mg ions appear to inhibit slightly. 
Eight series of experiments were next made to 
determine the range of concentration at which K, 
NH, and Rb ions were effective in the activation of 
dialysed enzyme. When the final concentration of 


’ KCl was 0-001 or less no activation occurred, but 
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Fig. 3. The effect of K* on the activity of dialysed enzyme 
in the absence and in the presence of pyridoxal phosphate. 
1 ml. of 0-1m sodium phosphate buffer (pH 7-8), 0-5 ml. 
dialysed enzyme, K* as KCl to appropriate concentration 
and water to 2-5 ml. Curves 1 and 2 are for the same 
enzyme preparation. Curves 2 and 3 have had 10yg. 
pyridoxal phosphate added to each tube. 


above this value the activity increased steadily with 
concentration up to 0-07m and there was no dimi- 
nution of this heightened activity up to a final con- 
centration of 0-4m in the complete enzyme-sub- 
strate system. The NH,* and Rb* activating effect 
was also absent below 0-001m and reached an 
optimum around 0-06, that is, the range of con- 
centration effective for reactivation was similar 
with all these ions. The NH, ions were the most 
powerful activators and the Rb ions the least. The 
effect of increasing concentrations of K ions on the 
activity of dialysed tryptophanase is shown in 
Fig. 3. 


DISCUSSION 


It is shown that pyridoxal phosphate is not the only 
factor responsible for the reactivation of dialysed 
tryptophanase and that substantial activation is 
achieved with NH,, K and Rb ions, whereas Na, Li 
and Mg ions may increase enzyme degradation. 
Activation commences at 0-001™m and reaches its 
optimum at 0-07M, this activity range being almost 
identical with that recorded by Rothstein & Demis 
(1953) for the stimulation of yeast fermentation by 
different concentrations of K*. These results are 
consistent with the view that K ions play an im- 
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portant part in the structure of the holo-enzyme, 
binding the coenzyme to the apo-enzyme. This com- 
posite unit is stable. But if K ions are removed, the 
complex dissociates and coenzyme may be lost by 
dialysis. Restoration of K* and coenzyme can lead 
to reformation of the complete active holo-enzyme 
if added without undue delay. But the free apo- 
enzyme appears to be unstable and undergoes some 
irreversible change, so that after 3 hr. or so it can 
no longer be reformed into active holo-enzyme by 
K ions and coenzyme. 

The studies on the effect of K ions on carbohydrate 
fermentation and storage in yeast by Pulver & 
Verzar (1940) caused Evans, Handley & Happold 
(1942) to study the effect of K ions upon the rate of 
development of tryptophanase activity in washed 
cells of Esch. coli, which had been grown on glucose— 
bouillon agar and then suspended in solutions of 
tryptophan buffered with phosphate. Such cells 
only produced indole after a period of 1-3 hr., but 
this period could be greatly reduced and the rate of 
indole production thereafter increased by increasing 
the concentration of K ions; these effects were 
reversed when Na ions were substituted for the K 
ions. We now know from the more effective bacterial 
crushing obtained through the Hughes press 
(Hughes, 1951) that tryptophanase is present in 
cells grown in glucose—casein-digest medium or 
glucose—bouillon, although they do not produce 
indole immediately. This failure may be due to a 
permeability effect whereby the exogenous trypto- 
phan does not enter the cell, for the tryptophan 
content of glucose—bouillon does not change during 
growth so long as fermentable carbohydrate is 
present (Happold & Hoyle, 1936). Alternatively, if 
K ions are preferentially utilized in the fermentation 
of glucose they will not be available for the activa- 
tion of the tryptophanase system. The utilization of 
the available pyridoxal phosphate by systems such 
as the amino acid decarboxylases is a further 
possibility. These alternatives are being investi- 
gated and it is not unlikely that the two latter 
possibilities may play a joint part which results in 
the exogenous tryptophan not being utilized. 
Von Korff (1953) has shown that K, NH, and Rb 
ions activate the acetate-activating enzyme ob- 
tained from animal tissues. Similar effects have 
been noticed for K ions by Nachmansohn & John 
(1945) for the choline-acetylating system, by 
Kachmar & Boyer (1953) for pyruvate phospho- 
pherase, by Stadtman (1952) for phosphotrans- 
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acetylase and by Black (195i) for aldehyde de- 
hydrogenase. 


SUMMARY 


1. Apotryptophanase is activated by ammonium, 
potassium and rubidium ions in the presence of 
pyridoxal phosphate: Activation occurs at con- 
centrations between 0-001™ and 0-07M. 

2. The dissociation of pyridoxal phosphate from 
the tryptophanase complex occurs only slowly if itis 
dialysed against 0-25m potassium chloride, but is 
rapid if dialysis is made against distilled water or 
0-25m sodium chloride. Potassium chloride and 
ammonium sulphate exert a stabilizing action on 
tryptophanase. 

3. It is suggested that potassium, ammonium 
and rubidium ions play an important part in the 
structure of the holo-enzyme. 

4. The known effect of potassium ions on the 
inhibition of indole production by Escherichia coli 
grown on glucose—bouillon is discussed. 


This work has been carried out with the aid of a grant from 
the Medical Research Council, for which we return thanks. 
One of us (A.S.) is also grateful to the British Council for 
the scholarship which he held. 
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Metabolism of Bladder Carcinogens 
THE METABOLIC PATH OF 2-[8-4C]JNAPHTHYLAMINE IN THE RAT 
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2-Naphthylamine is one of the few compounds which 
are known to lead to cancer in man (Goldblatt, 
1947, 1949). It has also been shown to be carcino- 
genic in dogs (Hueper, Wiley & Wolfe, 1938; 
Bonser, 1943). In both man and dog the tumours to 
which it (or its metabolites) gives rise are almost 
entirely confined to the bladder. The metabolic 
path of the material is not well known. Various 
metabolites have been identified in the urine of test 
animals (Wiley, 1938; Dobriner, Hofmann & 
Rhoads, 1941; Manson & Young, 1950), but the 
pure compounds isolated have accounted for only 
a few per cent of the administered dose. Bonser, 
Clayson & Jull (1951), using a colorimetric method 
for the estimation of 2-amino-l-naphthol conju- 
gates, have detected considerably larger fractions 
of the dose, finding between 30 and 70% in this 
form in the urine of dogs, and less in other animals. 
They have demonstrated an apparent correlation 
between the proportions cf the dose excreted in the 
urine as 2-amino-1-naphthol derivatives in various 
animal species, and the biological response of the 
species to treatment with the amine, and therefore 
strongly suggest that 2-amino-l-naphthol is the 
true carcinogen. 

Before attempting to identify and measure all the 
metabolites it appeared to be important to deter- 
mine quantitatively the distribution of the material 
in various animals, in order to know where to look 
for the metabolites, and also in the hope of obtaining 
some information on the varying activity of the 
carcinogen in different species. This paper presents 
the results obtained with rats, and a similar study 
on rabbits is in progress. 


MATERIALS AND METHODS 


Throughout this paper the terms ‘activity’ and ‘specific 
activity’ refer to radioactivity. M.p.’s are uncorrected. 
Albino rats were used from our colony bred and main- 
tained in the Industrial Hygiene Research Laboratories for 
years in excellent health, fertility and uniformity. All in- 
jections were intraperitoneal in animals of 200 g. or a little 
more in weight. The 2-naphthylamine was dissolved in 
0-05 ml. ethanol and 0-15 ml. propylene glycol. After 


injection the syringe was rinsed out with a further 0-2 ml. 
propylene glycol which was injected; the residual radio- 
activity in the syringe was determined and allowed for in 
calculating the injected dose. 

Purification of 2-[8-"C]naphthylamine. The synthesis of 
2-naphthylamine labelled with “C in the 8-position has 
already been described (Catch, Huggill & Somerville, 1953). 
Impurities so far detected in commercial B-naphthylamine 
include a-naphthylamine, pyrene, 3:4:5:6-dibenzcarbazole, 
2:2’-dinaphthylamine and 1:2:5:6-dibenzphenazine (Case & 
Pearson, 1952), but material prepared by our method may 
reasonably be expected to be free from the first three of 
these. Dinaphthylamine is produced during the conversion 
of 2-naphthol into 2-naphthylamine by the Bucherer 
reaction, and dibenzphenazine by air oxidation of the 
naphthylamine so that both of these may be present. 

The material received from the Radiochemical Centre, 
Amersham, was mixed with 10% by weight of silica gel 
(100-200 mesh) and sublimed in vacuo at 80-95°/10-* mm. 
This procedure was repeated and the naphthylamine finally 
sublimed alone to ensure the complete removal of silica. The 
material thus obtained was pure white, m.p. 108-4-109-9°; 
it was stored in vacuo and protected from light. Some 
material has now been kept in this way for 18 months with- 
out change, but the exposure to air necessitated by the 
removal of samples has caused the material used for experi- 
ments to discolour slightly after about 6 months. This is 
probably due to traces of dibenzphenazine and it is not 
regarded as important in the present investigation, as 
dibenzphenazine is inevitably formed when the naphthyl- 
amine is dissolved and injected into the animal. 

Measurement of *C. Samples were oxidized to CO, which 
was then counted in CO,-CS,-filled Geiger counters which 
can be used up to a true rate of 15000 counts/min. When the 
activity was expected to be greater than this the CO, was 
diluted with inactive gas and a portion taken. The technique 
has been fully described by Henson (1953). 

Nineteen counters of the standard design have been made 
and intercalibrated. ‘Memory’ effects are found to be very 
slight, but to minimize the risk of contamination several 


_ counters are kept exclusively for very low activity work. 


The efficiency of these counters for *C should be 100% 
within the sensitive volume, which is about 75 % of the total 
volume. A comparison with the Radiochemical Centre 
standard for “C was made by oxidizing five samples of 
labelled polymethylmethacrylate estimated by the Radio- 
chemical Centre to have an activity of 10-37 uc/g.+3% 
(new standard, September, 1952). The oxidation was carried 
out by dry combustion in a standard microanalytical 
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combustion tube and a portion of the CO, taken for counting. 
The mean value was 1-659+0-012 x 10‘ counts/min./mg. 
which corresponds to a specific activity of 7-473 +0-054 yc/ 
g. This represents an efficiency of 72-1% for the counters. 

Sensitivity of detection. The minimum detectable activity 
can be defined as that which differs from zero by a statistic- 
ally significant amount. Assuming a background rate of 
about 30 counts/min., and counting both background and 
sample for 40 min., it can be calculated that there is a 95% 
probability that a single reading of 2 counts/min. differs 
significantly from zero. This is therefore a borderline case. 
For a sample activity of 3 counts/min. the probability of 
a single reading differing from zero is about 99 %, and this is 
therefore taken as the minimum detectable activity under 
these conditions. Since a standard counter can contain up to 
1 m-mole CO, the minimum detectable specific activity is 
3 counts/min./m-mole. 

Oxidation techniques. For the oxidation of animal tissues 
to CO, the method of Van Slyke was adopted (Van Slyke & 
Folch, 1940; Van Slyke, Steele & Plazin, 1951). In its 
original form this involves heating the sample with a 
mixture of chromic, phosphoric and fuming sulphuric acids 
and potassium iodate to 170-180°, collecting the CO, in 
alkali and liberating it with acid. For our purpose it was 
considered sufficient to transfer the CO, to a Geiger counter 
without measurement, and some modifications were made 
to simplify the procedure and at the same time ensure that 
no gaseous by-products were carried over with the CO,. The 
method adopted was to heat the sample for 10 min. at 
150-160° with the oxidizing acid, omitting the potassium 
iodate. The CO, was collected by freezing in a trap (any 
oxygen formed by decomposition of the acid was pumped 
away), and the product then fractionated by surrounding 
the trap with a dry-ice—acetone bath at — 70 to — 80° which 
allowed the CO, to evaporate while retaining any moisture, 
acid vapour or other impurities which are solid at this 
temperature. The CO, was then condensed into a counter or 
a storage vessel. 

The efficiency of the method was tested by oxidizing 
samples of inactive naphthylamine and analytically pure 
fluorene, and measuring the CO, formed. About 95% of the 
theoretical was obtained which could be raised 2-3 % by the 
addition of potassium iodate during the oxidation, but this 
causes considerable frothing when used with animal tissue, 
and also gives rise to some iodine. Although the iodine 
remains behind after evaporation of the CO,, its accumula- 
tion in the trap over a series of oxidations could cause 
trouble. It was therefore decided not to use iodate in the 
oxidizing mixture. 

A further estimate of the efficiency of the method 
was obtained by oxidizing samples of standard labelled 
polymethylmethacrylate and counting the activity of 
the CO, formed. The mean of three determinations was 
1-547 +0-013 x 104 counts/min./mg. which is 93-2% of the 
figure obtained above by dry combustion. Similar measure- 
ments using labelled naphthylamine (described below) gave 
a value of 92-2%. 

Model experiments were carried out on various tissue 
samples and figures for their carbon content obtained. In 
most cases 25 mg. samples give 10-15 em. pressure of CO, 
in the counter, which is a convenient amount. 

Assay of 2-[8-*C]naphthylamine. Samples of about 1 mg. 
were used for assay. As previously described (Catch et al. 
1953), dry combustion of the naphthylamine gave a mean 
value of 2-984+0-027 x 10’ counts/min./mg. or, assuming 
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72% efficiency for the counters, an activity of 2-67 mo/ 
m-mole. As the tissue samples were to be assayed by the 
wet oxidation method, however, it was thought preferable 
to use this method for the assay of the naphthylamine, 
Four samples were oxidized giving a mean value of 
2-751+0-014 x 10? counts/min./mg., which is the value that 
has been used for all the animal experiments. 

Preparation of animal tissues and excreta. Urine and 
faeces were collected separately by a method due to Dr J.(, 
Gage, to be described elsewhere, which ensured minimal 
intercontamination. The cage floor, collection funnel, ete, 
were washed out and the washings added to the urine, which 
was made up to a standard volume. At the end of the 
experiment the animal was anaesthetized and as much 
blood as possible withdrawn from the jugular vein or the 
heart. The various organs required were then removed and 
the animal was skinned. The small organs and bone samples 
were disintegrated by grinding under liquid nitrogen in 
a steel mortar, while the liver, intestines and faeces were 
mixed with measured amounts of water and homogenized in 
a small top-drive macerator (MSE Nelco 10). The carcass 
was treated similarly in an Ato-Mix 100 blender, and the 
skin can also be prepared in this way, though not so effi- 
ciently since the hair is not disintegrated. 


RESULTS 


Activity of expired CO, after intraperitoneal 
injection of 2-[8-4C]naphthylamine. Although the 
metabolic formation of CO, by the oxidation of the 
C-8 of naphthylamine is not very probable, it was, 
nevertheless, necessary to make sure that this does 
not occur. A rat of 200 g. was kept in a desiccator 
and was supplied with CO,-free air, the expired air 
being passed through traps cooled in liquid O, to 
freeze out the CO,, which could then be dried and 
counted. A control experiment was first carried out 
in which non-radioactive naphthylamine was in- 
jected and the expired CO, collected for 80 min. 
Samples showed no significant increase in the 
counting rate above background. Active material 
(0-7 mg.) was injected into the same animal and CO, 
collected continuously for 2 hr., and then for short 
periods after 3, 20, 26, 44 and 188 hr. from the time 
of injection. No significant increase in count rate 
was observed in any sample. Thus, five determina- 
tions on the first 2 hr. excretion gave a mean count 
rate of 1-19 counts/min./m-mole CO,. Therefore, 
assuming an excretion of 10mg. CO,/min. the 
amount of activity in the CO, expired in 1 hr. is less 
than 0-0002 % of the injected dose. (See assay of 
2-[8-14C]naphthylamine.) 

It appears, therefore, that no volatile product 
containing C-8 is detached from the molecule in the 
metabolism of 2-naphthylamine by the aibino rat. 

Activity in the blood after intraperitoneal injection 
of approximately 1mg. 2-[8-!4C]naphthylamine. 
Measurements were made to determine as far as 
possible the changes in blood activity as the amine 
enters and leaves the blood. Eight experiments of 
this kind were carried out and the data are given in 
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Vol. 58 METABOLISM OF 2-NAPHTHYLAMINE IN THE RAT 
Table 1. Percentage of the dose present in the blood at times up to 3 hr. after intraperitoneal injection 
of approx. 1 mg. 2-[8-!4C]naphthylamine 
It is assumed that the total blood is 5% of the body wt. and that it contains 80% of water. 
Time Rat (no.) 
after Cc A ee 
injection 1 5 6 17 18 8* 20T 217 
(min.) 
5 2-5 1-4 1-7 0-1 2-6 —_— 15 0-2 
15 —_ 2-6 2-9 0-9 3-1 —_ 1-7 0-7 
20 6-3 — — — — 3-1 — — 
25 — 4-0 3-1 1-8 3-65 _ 2-0 1-6 
30 —_ — 3-2 1-8 2-8 — 2-8 1-55 
35 21-9 4-5 3-3 1-7 3-1 —_— 2-8 1-7 
40 _— — 3-0 1-7 2-8 _— — — 
45 — 3-7 2-9 _— — 3-15 2-6 2-6 
50 6-5 — 2-8 1-85 2-7 — —_ — 
55 — 3°8 _ _— _— _— _ 
60 — — 3-1 1-5 2-7 — 2-7 _— 
65 2-5 _ _ =e oe — — — 
75 pte one 2-9 1-2 2-4 3-4 a — 
80 3-6 — — —_ — _— —_ — 
90 es = 1-9 0-9 2-2 a 3-1 2-0 
95 a se i pa _ 3-2 _— ~ 
100 31 - —_ —_ — — — — 
105 ‘- se 2-2 0-8 2-4 —_ sn — 
110 2-8 2-4 oa on on 3-1 et — 
120 1-6 a wi 0-6 1-8 “ sins 2-1 
180 ie _ _ 0-6 1-5 ~ 31 2-0 
* Bile duct ligated 24 hr. before injection. 
+ Bile duct ligated 5 days before injection. 
Tables 1 and 2. Samples of blood varyingin volume Tapje 2. Percentage of the dose present in the blood at 


from 20 to 80 wl. were withdrawn from the tail vein ; 
these were dried and weighed and the total activity 
present in the animal’s blood estimated on the 
assumption that whole blood contains 80% water 
and that the total weight of blood in the rat is 5% 
of the body weight. 

Partition of activity between blood plasma and 
blood cells. Two groups of four rats and three rats 
respectively were used and each rat was injected 
intraperitoneally with 0-25 mg. 2-[8-14C]naphthyl- 
amine. The first group was killed after 10 days and 
the second after 15 days. Heart blood was with- 
drawn, pooled and oxalated in each case. Determi- 
nations were made on whole blood, plasma and cells 
and the results are shown in Table 3. 

Excretion of radioactivity after intraperitoneal 
injection of approximately 1 mg. 2-[8-!4C]naphthyl- 
amine. The daily excretion in the urine and faeces 
of the above two groups of animals was measured 
for periods up to 15 days after injection: the results 
are shown in Fig. 1. 90% of the dose is excreted in 
3 days, 60-65 % in the urine and 25-30% in the 
faeces. After 10-14 days the excretion is less than 
0-1 %/day. 

In order to throw some light on the metabolic 
path of the substance, nine experiments were 
carried out, six on normal rats and three on rats 
whose common bile duct had been ligated. The 


25 


times up to 63 days after intraperitoneal injection of 
approx. 1 mg. 2-[8-14C]naphthylamine 


It is assumed that the total blood is 5% of the body wt. 
and that it contains 80% of water. 


Time after Rat (no.) 
injection —_-- SsV4—4" 
(days) 17 18 
1 0-3 0-3 
9 0-2 0-2 
16 0-1 0-2 
23 0- 0-1 
30 0-05 0-1 
37 0-03 0-05 
42 0-01 0-03 
49 0-003 0-01 
63 0 0-003 


Table 3. Partition of radioactivity between blood 
plasma and blood cells after intraperitoneal in- 
jection of 0-25 mg. 2-[8-"4*C]naphthylamine 


Activity in counts/min./mg. wet wt. 
. ‘Y 





Three rats Four rats 
(pooled), (pooled), 
15 days after 10 days after 
injection injection 
Whole blood 2-05 1-71 
Plasma 0-045 0-028 
Cells 4-12 2-87 
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animals were killed 2, 16 and 26 hr. after injection 
and the radioactivity of the alimentary tract, liver, 
blood, carcass and excreta determined. The results 
are shown in Table 4 together with the total per- 
centage of the dose accounted for which was over 
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% of dose excreted 
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Fig. 1. Activity in urine (U) and faeces (F) after intra- 
peritoneal injection of 0-25 mg. 2-[8-4C]naphthylamine/ 
200 g. rat; @—@, group of three rats; O—O, group of 
four rats. 
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90 % in each case. The low values obtained for the 
alimentary tract and the high urinary excretion in 


1954 


the case of the bile duct ligated animals clearly | 


shows that the material is normally conveyed to the 
gut in the bile. The total amount present in faeces 
and alimentary tract in normal animals appears 
to decrease with time, which would indicate a 
re-absorption from the intestine. Some further 
experiments were made to measure this effect more 
accurately. Twelve female rats, all of approxi- 
mately 200g. weight, were each injected with 
0-05 mg. of the labelled naphthylamine after being 
separated into three groups of four. These groups 
were killed at intervals of 2 hr., 7 hr. and 26 hr. 
after the injections, the urine and faeces having 
been collected in these periods. The radioactivity in 
the urine, faeces and gastro-intestinal tract was 
measured for each group. 

Three such experiments were carried out: 
Table 5 sets out the data obtained on the thirty-six 
animals, and it is clear that considerable re- 
absorption from the gut does take place. 

The possibility that the size of the dose would 
affect the distribution between gut and urine was 
investigated. Groups of four rats were given doses 
varying from 0-005 to 2-0 mg./animal and killed 
after 26 hr. The results are shown in Table 6. No 
significant variation in distribution with dose was 
observed. 


Table 4. Percentage of the dose present in tissues and excreta after injection of approx. 1 mg. 
2-[8-!4C]naphthylamine 


Time after injection 


ceo os 
2 hr. 16 hr. 26 hr. 

eae SSS See 

Animal no. aa A oan saa 6 15 8* 4 10 9F 12 16 20t 
Urine 21-1 8-7 28-5 66-4 50-9 86-2 75-0 77:3 85-4 
Collected faeces None available 8-7 29-3 16 7-4 10-6 3-1 
Gastro-intestinal tract and contents 43-9 38-3 7-9 17:8 15-7 1-1 11-4 76 0-9 
Liver 3-5 6-2 7-9 0-9 1-5 1-1 0-7 0-7 1-0 
Carcass (total remainder excluding skin 29-6 38-5 49-8 1:3 1-7 4-4 3-0 1-7 16 

and fur) 

Estimated % of dose in total blood 1:3 13 3-1 0-3 0-3 (2-3) 0-3 0-3 — 
% of dose accounted for 99-4 93-0 97-2 95-4 99-4 96+ 97-8 98-2 92-0 
% of dose in faeces and alimentary tract 41-1 (av.) 7-9 35:8 (av.) 2-7 18-5 (av.) 40 


* Bile duct ligated about 20 hr. before injection. 
+ Bile duct ligated about 9 days before injection. 
t Bile duct ligated about 5 days before injection. 


Table 5. Percentage of dose present in urine and gastro-intestinal tract and faeces at successive times 
after intraperitoneal injection of 0-05 mg. 2-[8-44C]naphthylamine/rat 


Urine Gastro-intestinal tract and faeces 
Expt. No. of —_———— ee ee ae 
no. animals 2 hr. 7 hr. 26 hr. 2 hr. 7 hr. 26 hr. 
1 12 19-5 48-9 60-2 61-6 45-4 38-5 
2 12 20-8 43-4 58-8 56-8 45-8 37-7 
3 12 26-9 50-1 69-3 58-6 $ 40-1 22-0 
Means 22-4 47-5 62-8 59-0 43-8 32:7 
Standard errors +23 +21 +33 +1-4 +18 +54 
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Long-term retention of activity after intraperitoneal 


injection of 2-[8-\4C]naphthylamine. Four rats 
(nos. 14, 17, 18, 0, Table 7) were injected intra- 
peritoneally with about 1 mg. of the radioactive 
naphthylamine and killed 3, 9, 10, 29 weeks there- 
after. Since at the longer periods the observed 
activity in the samples of organs used (varying 
weights) approached the limiting significant count, 
we have given the actual observed activity of each 


Table 6. Effect of varying dose on distribution of 
radioactivity between gut and urine after 26 hr. 


Four rats were used in each experiment and the excreta 
pooled. 





% of dose 

Dose to pose —_______, 

each rat Intestines 
(mg.) Urine and faeces 
0-005 70-8 30-0 
0-005 64-5 30-4 
0-005 64-2 33-9 
0-5 69-6 25-6 
2-0 70-3 23-9 
2-0 60-6 32-9 
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sample as well as the specific activity. (Specific 
activity = percentage of dose present in the whole 
organ divided by the weight of the organ.) 


DISCUSSION 


The principal biological interest in naphthylamine is 
the carcinogenic action on the bladder epithelium 
after its absorption over long periods by man or dog. 
The selective action on the bladder has led to two 
views of the mechanism involved: one that the 
amine is or gives rise to a carcinogen in the body, 
which is carried to the bladder by the renal route and 
exerts its action on the epithelium from the inside 
of the organ; the other that the amine is or gives 
rise to a carcinogen in the body which exerts its 
action on the bladder epithelium through the blood 
supply to the bladder wall. The greater number of 
investigators of this problem tend to the urinary 
carriage of the carcinogen, and the recent work of 
Bonser et al. (1951) gives strong support to this view. 

The only metabolites of 2-naphthylamine hither- 
to detected in a variety of animals are derivatives of 


Table 7. Retention of activity after varying periods following the intraperitoneal injection of 2-[8-'4*C naphthyl - 
amine (specific activity = % of dose present in the whole organ divided by the wt. of the organ) 


Four rats, nos. 14, 17, 18 and 0, were injected with 1 mg. of radioactive naphthylamine and killed after 3, 9, 10 and 


29 weeks, respectively. 





Rat no. 14 Rat no. 17 Rat no. 18 Rat no. 0 
c ~~ ‘ f — ‘ 
Observed Mean Observed Mean Observed Mean Observed 
activity specific activity specific activity specific activity 
Organ counts/min. activity counts/min. activity counts/min. activity counts/min. 
Liver 90 0-005 5 0-0003 3 0-0002 3 
85 0 3 1 
10 
Kidneys 71 0-004 10 0-0005 9 0-0006 2 
78 9 20 1 
8 8-5 0 
7 
Bladder 5 0-0006 75 0-0007 13 0-0006 2 
6 6 2 7 
(13)* (11)* (15)* 
Brain 10 0-0006 0 0-001 2 _ 0 
10 16 0 0 
6 
0 
Scapula 11-5 0-0006 — -= _— -- 9 
6 7 
5 
0 
6 
Femur 11 0-0005 3 0-0001 19 0-0004 0 
13 5 5 3 
1 
Carcass 162 0-007 — _- — — — 
43 
73 
43 
Blood -— _ 0 0 13 0-0004 — 


* The figures in parentheses give counts for two samples when combined. 
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naphthylamine, and no evidence of opening of the 
condensed ring system in animals has been de- 
scribed. To the extent that we find no indication of 
activity in the carbon dioxide expired by rats 
injected with the labelled compound, we may 
affirm that disruption at the 8—9 bond has not taken 
place. If the naphthalene ring has not been broken 
then the radioactivity measured in all our experi- 
ments is that of the original naphthylamine or such 
derivatives of it as are usual in the metabolic trans- 
formations of aromatic compounds, e.g. hydroxy- 
lation, acetylation, sulphation and glycuronide 
formation. 

Table 1 shows that there is little variation in the 
rate at which maximum blood concentration is 
reached after intraperitoneal injection or in the 
value of the maximum concentration (except in the 
case of rat no. 1, to which we attach little significance 
as this high maximum has not been observed again). 
In normal animals the concentration falls off 
markedly in 1-2 hr. after reaching the maximum, 
whereas the animals with ligated bile ducts main- 
tain the maximum concentration during this period. 
This is to be expected since about 60% of the 
material normally enters the gut with the bile in the 
first 2 hr. (Table 5), and if this route is blocked 
elimination from the blood must be slower. 

From the data given in Tables 4 and 5 it is 
possible to visualize something of the dynamics of 
disposal of the activity of the injected 2-[8-14C]- 
naphthylamine. The compound is first absorbed 
into the blood stream and is carried to the kidneys, 
liver and other organs and tissues. In the first 2 hr. 
there is a considerable excretion into the urine and, 
with intact common bile duct, a large excretion into 
the gut, a large deposition in the body tissues, and 
a relatively small retention in the liver. The pattern 
of this distribution is dynamic, so that after 16 hr. 
it has become entirely different. In this period the 


8 


50 


% of administered dose 





Time after injection (hr.) 


Fig. 2. Activity in urine (U) and in gastro-intestinal tract 
with contents (@.J.) after intraperitoneal injection of 
0-05 mg. 2-[8-“C]naphthylamine/rat. Each point repre- 
sents pooled result from twelve rats. 
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carcass activity has been mobilized almost com- 
pletely and the liver activity has been greatly 
diminished : the amount of activity now accountable 


for in the faeces and intestines has dropped con- | 


siderably and the urinary excretion has enormously 


increased. The distribution continues to change in | 


the same sense in the succeeding 10hr. (26 hr. 
period). The carcass activity continues to fall as does 
the liver activity, and by this time the activity in 
the faeces and intestine has dropped to some 50% 
of that detectable in normal animals after 16 hr. 
and the urinary excretion has continued to rise. This 
changing pattern is graphically illustrated in 
Fig. 2. When excretion into the gut by the bile duct 
is impossible, the urinary excretion rises more 
rapidly. The interpretation we place upon the 
progressive fall in the activity in the gut is that 
there must be re-absorption of the compound 
carrying the activity. Since the ultimate excretion 
in the faeces is only 25-30 %, it is clear that at least 
30-35 % of the material must be re-absorbed and 
eventually excreted in the urine. 

The long retention of the amine in the body is of 
considerable significance in the general problem of 
the induction of tumours by 2-naphthylamine and 
hence it was of particular importance to obtain 
information, if possible, on the location of the long- 
retained material. 

Measurable radioactivity was found in the blood 
in two cases (nos. 17 and 18) 49 and 68 days after 
injection of a single dose of 1 mg. and in both there 
was still 0-1 % of the dose in the blood after 23 days. 
In the two groups examined 10 and 15 days after 
injection, the overwhelmingly greater part of the 
activity was present in the blood cells. If this 
applies also to the blood cells in the bone marrow, 
then the long period of activity in the blood may be 
due to the replenishment of the circulating blood 
with cells ‘labelled’ in the marrow. 

Three weeks after the injection there was still 
a total of well over 1% of the dose in the whole 
animal with manifestly rich residues in the kidneys, 
liver and carcass, whereas bladder, brain, scapula 
and femur were relatively and absolutely very much 
poorer. At 9 weeks the activities in the samples 
taken were well above the limit of detectability by 
our method except in the case of the femur. At 10 
weeks significant radioactivity was detectable in the 
kidneys, bladder and in the femur, but at 29 weeks 
the observed activity was too near background to 
permit any conclusions as to specific activity. 

The demonstration that detectable radioactivity 
is present in the blood, kidneys and bladder of 
animals injected with a single dose, even after 
9 weeks, is significant as probably indicating the 
difficulty of ridding the body completely of traces of 
foreign aromatic amines or derivatives of them. 
This fact may have some bearing on the clinical 
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problem of bladder cancer in the organic dye 
industry, since it would indicate that a workman 
exposed to carcinogenic aromatic amines may in the 
course of his working life never be free of them even 
after considerable periods away from exposure. The 
largest dose used in the above reported experiments 
was 5 mg./kg. (approximately), which is probably 
higher than a workman would be likely to inhale 
in moderately satisfactory conditions of work, but 
is certainly not higher than would be inhaled in 
notably bad conditions of work. 

Our findings strongly suggest that cumulation of 
2-naphthylamine or derivatives of it in the body 
must have occurred in the conditions of work 
formerly associated with the development of 
carcinoma or papilloma of the bladder. The following 
cycle is suggested as the mode of excretion of in- 
jected naphthylamine: 


Tissues ——> Blood 
and organs <——— (cells) — siinthssiaiaial 
iv 
\ plasma 
Bile 
Urine 


Gut 


\ 


Faeces 


Fig. 3. Cycle of 2-naphthylamine (radioactivity) after 
intraperitoneal injection. 


Presumably, having entered the upper part of the 
small intestine, the active compound is partly 
carried with the bile pigments along the gut and is 
partly detached from them and re-absorbed in the 
small intestine. Of that portion which is re-ab- 
sorbed, most must be disposed of in the urine and 
a smaller proportion is returned to the gut via the 
liver. 

Having accounted for well over 90% of the in- 
jected material even at doses of 0-05 mg., it will be 
necessary to discover what proportions of this 
amount are attributable to the unchanged amine, 
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known metabolites (some of which we have syn- 
thesized) and unknown metabolites. 


SUMMARY 


1. Rats injected intraperitoneally with 2-[8-'4C]- 
naphthylamine eliminate no radioactivity in the 
expired CO,. 

2. Rats injected intraperitoneally with 2-[8-C]- 
naphthylamine (approximately 1 mg.) retain radio- 
activity in the blood for periods up to about 9 or 
10 weeks. The activity in the blood after 10-15 days 
is attached almost entirely to the blood cells. 

3. Excretion of the radioactive compound or its 
metabolites is readily demonstrated into the urine 
and through the bile into the gut. 

4. Re-absorption of the amine or its metabolites 
from the gut after intraperitoneal injection has been 
demonstrated. 

5. Excretion of 90-95% of the radioactivity of 
a single dose in the urine and faeces occurs in about 
3 days after intraperitoneal injection, but there- 
after excretion is very slow so that activity is clearly 
demonstrable in various organs up till at least 
10 weeks after injection. 


We are indebted to Miss R. Coulson and Miss P. M. 
Andrews for technical assistance. 
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A Method for the Determination of Nucleotide Sequence 


in Polyribonucleotides 
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Our knowledge of the structure of ribonucleic acids 
(RNA) has advanced considerably in recent years. 
In the first place, the refinement of chromato- 
graphic techniques has made possible an accurate 
estimation of the purine and pyrimidine composi- 
tion (Vischer & Chargaff, 1948; Markham & Smith, 
1949; Carter, 1950; Markham & Smith, 1951). 
Secondly, with the aid of both chemical and en- 
zymic methods it has been shown that the consti- 
tuent nucleosides in RNA are linked together as in I, 


_ 0 
O.CH, Base 
Yo 
SP 
O.CH, O\_ Base 
5 
4 1 
3 2 
I 


through phosphodiester bridges betwen the ‘b’ 
position and C, of adjacent ribose groups (Cohn 
& Volkin, 1951; Brown & Todd, 1953; Heppel, 
Markham & Hilmoe, 1953; Whitfeld & Markham, 
1953). Conclusive evidence that C,s,,, and not Ce), 
is involved in the link has only recently been 
obtained by Khym, Doherty, Volkin & Cohn (1953) 
and by Brown, Fasman, Magrath, Todd, Cochran & 
Woolfson (1953), who, independently, have identi- 
fied the b isomer of adenylic acid as adenosine 3’- 
phosphate. Thirdly, it has been possible to identify 
those nucleotides occupying the terminal positions 
in small polyribonucleotide chains (Cohn, Doherty 
& Volkin, 1952). Except in the case of trinucleotides 
this procedure, however, does not indicate the 
sequence of non-terminal nucleotides and, as no 
other method has provided this information, the 
advance of our knowledge in this respect has been 
limited. 

Recently, Whitfeld & Markham (1953) indicated 
that the method, by which they determined the 
nature of the purine internucleotide link in di- 
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nucleotides from RNA, might well be applied to the 
determination of the nucleotide sequence in poly- 
ribonucleotides. This work has now been extended 
and the stepwise degradation of many di- and tri- 
nucleotides carried out successfully. The method is 
applicable in principle to larger polyribonucleotides. 

The method consists of the dephosphorylation of 
the terminal nucleotide of a polyribonucleotide 
with phosphomonoesterase and then oxidation by 
periodate of the exposed adjacent hydroxyl groups. 
Subsequent incubation at pH 10 splits off the 
oxidized nucleoside residue to leave a polyribo- 
nucleotide containing one less nucleotide than the 
original compound. By a repetition of the process, 
nucleotides can be removed, singly until only one 
remains. 

While this work was being carried out, Brown, 
Fried & Todd (1953) suggested the possibility of a 
degradation procedure, such as the above, for the 
determination of nucleotide sequence. The authors 
based their assumption upon the observed alkali- 
lability of the phosphate group of the periodate- 
oxidation product from adenosine 5’-benzyl- 
phosphate. 


MATERIALS AND METHODS 


Ribonucleic acids. RNA, prepared from turnip yellow 
mosaic virus (Markham & Smith, 19525), and reprecipitated 
commercial yeast RNA were used as sources of di- and tri- 
nucleotides. 


Chromatographic solvents 


Solvent 1. isoPropanol—water (70:30, v/v), with NH; 
in the vapour phase (Markham & Smith, 1952a). Sol- 
vent 2. Saturated (NH,),SO,—m sodium acetate—isopropanol 
(80:18:2, v/v/v) (Markham & Smith, 1952a). Solvent 3. 
isoPropanol, 170 ml.; 10N-HCl, 44 ml.; water to 250 ml. 
(Wyatt, 1951). 

The positions of the spots on the chromatograms were 
detected by ultraviolet photography (Markham & Smith, 
1949). 


Hydrolysis methods 


(1) Alkaline hydrolysis. N-NaOH at 20° for 18 hr. 
(Markham & Smith, 1951) breaks phosphodiester inter- 
nucleotide links of RNA proximal to C,;,,. The products of 
hydrolysis may be identified, after neutralization of excess 
alkali, by chromatography in solvents 1, 2 and 3. 
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(2) HCl hydrolysis. N-HCl at 100° for Lhr. (Smith & 
Markham, 1950) releases pyrimidine nucleotides and purine 
bases from RNA. Chromatography of the hydrolysate in 
solvent 3 permits identification of the products. 

(3) HClO, hydrolysis. 72% HClO, at 100° for 2 hr. 
(Marshak & Vogel, 1951) yields purine and pyrimidine bases 
from RNA. The hydrolysate is diluted with an equal 
volume of water before being chromatographed in solvent 3. 


Preparation of polyribonucleotides 


The dinucleoside monophosphate, cytidylyl-cytidine, 
was obtained by enzymic synthesis from cytidine 2’:3’- 
phosphate and cytidine (Heppel, Whitfeld & Markham, 
1954). 

All other polyribonucleotides used in these experiments 
were prepared by one or other of the following methods. 

Paper chromatography and paper electrophoresis. In the 
initial experiments, turnip yellow mosaic virus RNA 
(0-2 g. in 10 ml. water) was digested to completion (pH 7-0, 
24 hr., 55°) with 1-7 mg. pancreatic ribonuclease and then 
dialysed against three changes of 100 ml. of distilled water. 
The combined dialysate was concentrated in vacuo and the 
method of Markham & Smith (19526) was followed to 
separate out ribonuclease-resistant dinucleotides. This 
involved chromatography in solvent 1 and elution of the 
dinucleotide-containing bands, which were then submitted 
to electrophoresis at pH 3-5 on filter-paper strips. By this 
method adenylyl-cytidylic acid, adenylyl-uridylic acid, 
guanylyl-cytidylic acid and guanylyl-uridylic acid were 
isolated in small quantities (2-4 mg.). 

Ion-exchange chromatography. In later experiments the 
ion-exchange chromatographic method of Cohn e¢ al. (1952) 
was followed for the isolation of trinucleotides and larger 
amounts of dinucleotides. Commercial RNA (1-0g.), in 
10 ml. of water, was digested to completion (pH 7-0, 40 hr., 
55°) with 4-3 mg. ribonuclease and the solution adjusted to 
pH 2 with 0-5n-HCl. The insoluble material was removed 
and the supernatant liquid was adjusted to pH 9 with 
n-NH, before being adsorbed on to a column of Dowex-1l 
resin (2% cross-linked, 200-400 mesh, Cl” form, 18 cm. 
x4-9 sq.cm.). HCl-NaCl mixtures were used as eluting 
solvents and 16 ml. fractions were collected at a flow rate of 
80 ml./hr. The optical density of every fourth fraction was 
read at two wavelengths (260 and 280 muy.); in the vicinity 
of a peak the optical density of each fraction was read. All 
the fractions constituting a peak were combined and con- 
centrated. This was done by diluting the combined eluate to 
reduce the Cl concentration to less than 0-01 M, adjusting to 
pH 9, readsorbing on to a small Dowex-1 column (1-5 cm. 
x41 sq.cm.) and eluting with a minimal amount of 
0-05n-HCl. This eluate was then deacidified by extraction 
with a 5% (v/v) solution of tri-n-octylamine in CHCl, 
(Hughes & Williamson, 1951) and finally concentrated in 
vacuo. Each product was tested for homogeneity by paper 
chromatography in solvent 1 and by paper electrophoresis, 
and the ratio of the bases present was determined by 
hydrolysis with N-HCl followed by chromatography. 

The elution pattern obtained was similar to that published 
by Cohn et al. (1952). However, one of the apparently 
homogeneous trinucleotide peaks was shown, by chromato- 
graphy in solvent 1, to have two components. The major 
component (75 %) was the trinucleotide guanylyl-adenylyl- 
cytidylic acid and the minor component (25%) was the 
dinucleotide adenylyl-guanylic acid. The presence of such 
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a relatively large quantity of this particular dinucleotide in 
a ribonuclease digest of RNA is an indication of the de- 
graded condition of the commercial RNA. 


RESULTS 


The determination of the nucleotide sequence in 
a polyribonucleotide chain is dependent upon (a) the 
identification and (b) the removal, one at a time, of 
the terminal nucleotide residues ; the former may be 
carried out either before or after the latter. The 
simplest method for the identification of the terminal 
residue is to isolate it, after it has been split off, and 
then to identify its base, and this is the method 
described below. Another method, which is almost 
as satisfactory, is to hydrolyse the dephosphory- 
lated polyribonucleotide with alkali and identify the 
nucleoside which is liberated and which is derived 
from the terminal group containing a free «-glycol 
system. ‘ 

As an example of the procedure, its application to 
the degradation of a dinucleotide and a trinucleo- 
tide will be described in detail. For the sake of 
convenience, the method is divided into three steps 
which together remove one nucleotide residue from 
the polyribonucleotide. In Table 1 are listed those 
polyribonucleotides which have been subjected to 
the stepwise degradation procedure. Except in the 
case of cytidylyl-cytidine, in which step 1 was not 
necessary, as there is no terminal phosphate in 
a dinucleoside monophosphate, all the polynucleo- 
tides mentioned were treated according to one or 
the other of the procedures described below. 


Degradation of a dinucleotide 


Step 1. A dinucleotide of cytidylic acid and 
adenylic acid was incubated for 90 min. at 37° with 
0-2 ml. of a prostate phosphomonoesterase prepara- 
tion (Markham & Smith, 19526), a quantity found 
by experiment to be more than adequate for the 
purpose. This treatment removed the free phos- 
phoryl group but was too short to permit hydrolysis 
of the internucleotide link by the slight contami- 
nating phosphodiesterase activity. The dephos- 
phorylated product was isolated by chromato- 


Table 1. Polyribonucleotides which have been degraded 
by the procedure described in this paper 
A=adenylic acid, C =cytidylic acid, G=guanylic acid, 
U =uridylic acid; the nucleotide unit written on the right 
has a phosphomonoester group on C;3,). 


Dinucleoside 
monophosphate Dinucleotides Trinucleotides 
C-cytidine AC AAC 
AU AGC 
GC GAC 
GU 
AG 
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graphy in solvent 1; removal of the terminal phos- 
phate approximately doubles the R, value in this 
solvent (Fig. la, cols. 2 and 3). Alkaline hydrolysis 
of a sample of the eluted product showed the 
presence of adenylic acid and cytidine in the molar 
ratio 1:1-07. 

Step 2. This dinucleoside monophosphate was 
oxidized with an excess of 0-1M-NalO, (30 min., 
20°) and rechromatographed in solvent 1. In this 
solvent the oxidation product had an R, value 
slightly less than that of adenylic acid (Fig. la, 
col. 4). As both iodate and periodate absorb ultra- 
violet light, they also are detected when the 
chromatogram is examined. Iodate tends to trail 
but the major portion moves in a position just 
ahead of adenylic acid, whereas the excess periodate 
does not move from the origin in this solvent 
(Fig. la, col. 4). The removal of excess periodate by 
chromatography in solvent 1 is not a satisfactory 
method when the oxidation product has a very 
small R, value. In such cases the same result can 
be achieved by the addition of glucose, ethylene 








Fig. 1. 
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(a) Descending chromatogram run in solvent 1, showing the stepwise degradation of adenylyl-cytidylic acid. 
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glycol or glycerol to the reaction mixture. Also, if 
the polyribonucleotide in question were sufficiently 
large, it would be possible to dialyse away the 
excess periodate. 

Step 3. The oxidation product was eluted and the 
eluate made 0-05m with respect to glycine buffer 
(pH 10). If necessary, the final adjustment to 
pH 10 was effected with n-NH,. A drop of CHCl, 
was added to prevent bacterial growth, and the 
mixture kept at 37° for 18 hr.; under these condi- 
tions normal internucleotide links are quite stable. 
Chromatography in solvent 1 showed two products, 
one with an R, value the same as that of adenylic 
acid, and the other with an R, value similar to that 
of a nucleoside (Fig. la, col. 5). Hydrolysis of the 
latter product with HClO, yielded one base only, 
cytosine. The former product was identified as 
adenylic acid by its mobility in two solvents and its 
absorption spectrum, and, by chromatography in 
solvent 2, it was shown to be adenosine 3’-phosphate. 

This evidence shows that the dinucleotide was 
adenylyl-cytidylic acid. 





ol. 1: reference spots, guanylic acid and adenylic acid (descending order); col. 2: adenylyl-cytidylic acid; col. 3: 
dephosphorylated adenylyl-cytidylic acid; col. 4: periodate oxidation product of (3); excess periodate at the origin; 
col. 5: adenylic acid and cytosine-containing fragment (descending order), derived from (4) by treatment at pH 10; 
col. 6: degradation product obtained from cytidine by periodate oxidation and treatment at pH 10. (b) Descending 
chromatogram run in solvent 1, showing the degradation of cytidine 5’-phosphate and cytidine. Col. 1: reference 
spots, guanylic acid, adenylic acid and cytidine (descending order); col. 2: cytidine 5’-phosphate; col. 3: periodate 
oxidation product of cytidine 5’-phosphate; col. 4: product derived from (3) by- treatment at pH 10; col. 5: 
periodate oxidation product of cytidine; col. 6: product derived from (5) by treatment at pH 10. Excess periodate 


can be seen at the origin in cols. 3 and 5. 
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Degradation of a trinucleotide 


A trinucleotide containing cytosine, adenine and 
guanine was examined. Dephosphorylation with 
phosphomonoesterase and chromatography in 
solvent 1 (step 1) produced a compound which had 
an R, value 0-7 that of guanylic acid, and which, 
on alkaline hydrolysis, yielded adenylic acid, 
guanylic acid and cytidine in approximately 
equivalent amounts (1:0-95:0-95). Oxidation of 
this trinucleoside diphosphate with NaIO, (step 2) 
gave a product which had an R, value in solvent 1 
approximately 0-5 that of guanylic acid. This 
oxidation product, after treatment at pH 10 
(step 3), showed, by chromatography in solvent 1, 
the presence of two substances. The component 
formed in the greater amount, (a), had an R, value 
similar to that of a guanine-containing dinucleotide 
(0-6 x R, value of guanylic acid), and the smaller 
component (b) had an R, value similar to that of 
a nucleoside. Alkaline hydrolysis of a sample of 
(a) produced adenylic acid and guanylic acid in the 
molar ratio 1:1-03, and HClO, hydrolysis of (bd) 


| showed the presence of cytosine only. The remainder 


of the dinucleotide (a) was then treated as in 
steps 1-3, to produce a guanine-containing frag- 
ment and a mononucleotide which was shown to be 
adenosine 3’-phosphate. From these observations 
the trinucleotide in question was designated 
adenylyl-guanylyl-cytidylic acid. 

Note. Acid hydrolysates of nucleotide derivatives 
eluted from the adenylic acid region of chromato- 
grams run in solvent 1 sometimes failed to show the 
expected free base. This apparent disappearance of 
the base was attributed to the presence of iodate, 
which was formed during the periodate oxidation 
(step 2), and which was eluted off the chromato- 
gram along with the oxidized nucleoside. Guanine, 
cytosine and uracil, when hydrolysed in acid with 
iodate, lose their ultraviolet-absorbing properties, 
due, probably, to the destruction of the ring 


| structure by oxidation. This phenomenon could be 


avoided by removal of the iodate with sulphur 
dioxide before hydrolysis. 


Nature of the purine internucleotide link in RNA 


The terminal monoribonucleotide, which was 
obtained by stepwise degradation of the poly- 
nucleotides listed in Table 1, was shown, in each 
case, to be a nucleoside 3’-phosphate. As the condi- 
tions under which the experiment was carried out 
would not permit the transfer of the phosphoryl 
group from Cy, to C.s,,, the above result could be 
regarded as the first unequivocal evidence that the 
purine nucleosides are joined through C,,, of the 
ribose ring by phosphodiester bridges to other 
purine and pyrimidine nucleotides (Whitfeld & 
Markham, 1953). Although the C,,—C,,, linking 
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has only been demonstrated in these isolated di- and 
tri-nucleotides, it would seem justifiable to assume 
that it occurs in intact RNA, as the model com- 
pounds used were derived from a ribonuclease 
digest of RNA. 

Confirmation of this result has been supplied by 
Heppel et al. (1953), who carried out studies with an 
enzyme fraction from spleen which splits inter- 
nucleotide links without the intermediate formation 
of a nucleoside 2’:3’-phosphate. Digestion of RNA 
‘core’ and dinucleotides with this enzyme produced 
purine nucleoside 3’-phosphates only, and as the 
possibility of phosphoryl migration during the 
reaction had been eliminated, the authors concluded 
that the configuration of the purine internucleotide 
link in the original RNA was Cg,—C,,,. This obser- 
vation has been recently supplemented (Brown, 
Heppel & Hilmoe, 1954) by the demonstration that 
the same spleen enzyme hydrolyses simple esters of 
the nucleoside 3’-phosphates only and does not 
attack esters of the nucleoside 2’-phosphates. 


DISCUSSION 


Any method which is designed for the determination 
of nucleotide sequence in a polyribonucleotide 
must have two properties. In the first place, the 
method must be able to differentiate the phospho- 
diester link adjacent to the terminal nucleotide 
from all other internucleotide links in the chain. 
Secondly, the conditions under which the reaction is 
carried out must be such that the remainder of the 
molecule is unaffected and ready for a repetition of 
the same process. The procedure which has been 
described in this paper fulfils both these conditions 
and is put forward as a general method for the 
determination of nucleotide sequence in any un- 
branched polyribonucleotide. 

With regard to the first requirement, the reaction 
is specific for the internucleotide link adjacent to any 
nucleotide residue which either has a free «-glycol 
system, or can be dephosphorylated to expose such 
a system. For the sake of convenience these 
nucleotides will be referred to as susceptible 
nucleotides. If RNA is assumed to be an unbranched 
chain of nucleotide residues, linked together by 
Cs,—Cj5,, phosphodiester bridges, then only one 
nucleotide in the chain has the required specifica- 
tions, and that nucleotide is one or other of the 
terminal nucleotides. There is, however, one 
exception to this and that is the case in which the 
RNA has a nucleoside 2’:3’-phosphate as a terminal 
residue (Markham & Smith, 1952¢). Such molecules 
would not contain a susceptible nucleotide and it 
would be necessary to open the cyclic phosphate end 
group before sequence determination would be 
possible. This might be done by treating the RNA 
with 0-1N-hydrochloric acid at 18° for 4 hr., condi- 
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tions to which normal internucleotide links are 
stable. The nucleoside 2’:3’-phosphate would be 
converted into the open nucleotide, which could 
then be dephosphorylated to expose an a-glycol 
group. 

With regard to the second requirement, the con- 
ditions under which the reaction is carried out in- 
volve a very mild oxidation with neutral periodate 
at room temperature and the subsequent incubation 
of the oxidation product at 37° at pH 10. Such 
conditions do not have any effect on any part of the 
polyribonucleotide except the susceptible terminal 
nucleotide, which is split off to leave a polyribo- 
nucleotide which contains one less nucleotide 
residue than the original and which is then ready for 
a repetition of the same process. 

The possibility of simplifying the degradation 
procedure, as described in this paper, by combining 
the three steps of the cycle into one step, has been 
examined, but it would appear that little or nothing 
would be gained by such a modification, because of 
the extra precautions which would have to be taken 
against possible secondary reactions. 

The method as it stands does not call for large 
amounts of material although, obviously, the larger 
the polyribonucleotide to start with, the more of it is 
necessary for a complete sequence determination. 
In the initial experiments larger amounts than 
necessary of the polynucleotides were used, as it 
was desirable to analyse the products of each step in 
the reaction, but now that the principle of the 
method has been established it should be possible to 
determine the nucleotide sequence in (0-5n—1-0n) 
mg. of polyribonucleotide (where n is the number of 
nucleotide residues in the chain). 

All the above considerations apply if RNA, or the 
polyribonucleotide in question, is an unbranched 
chain. If this is not the case (two possible types of 
branching have been postulated for RNA), then 
the effect of such branches upon the degradation 
procedure must be examined. 

The first type of branching to be considered is 
that in which C,,, of a main-chain nucleotide 
residue is linked by a phosphate group to C,,, of the 
terminal nucleotide of a branch chain (Brown & 
Todd, 1952; Cohn et al. 1952). A polyribonucleotide 
having this structure would contain one susceptible 
nucleotide, at one end of the main chain, and so 
stepwise degradation could proceed along the main 
chain as far as the branch point. Here, however, the 
attachment of the branch chain to C,.,, of the 
nucleoside would prevent the oxidation of the latter 
with periodate. Consequently, only the positions 
of those nucleotides which occur between the 
susceptible terminal nucleotide and the first branch 
point of the main chain could be determined. 

The second possible type of branching is that 
which might arise from triesterification of a phos- 
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phate group (Fletcher, Gulland & Jordan, 1944; | 





Cohn et al. 1952). Whether a triply esterified phos- 
phate group would be stable to the conditions of the 
reaction is not certain but, if it were, then it would 
not be possible to determine, by this method, the 
nucleotide sequence in a polyribonucleotide con- 
taining such a group. Stepwise degradation could 
proceed along the main chain until the branch 
point was reached, but at this point the presence of 
the branch would prevent the exposure, by phos- 
phomonoesterase treatment, of cis-hydroxyl groups. 
So, as with the first type of branching, the sequence 
of only those nucleotides which lie between the 
susceptible nucleotide and the first branch point 
of the main chain could be determined. 

As yet, no conclusive evidence has been produced 
that RNA is a branched molecule and, until now, 
there has not been any method for providing such 
information. However, from the above discussion it 
is immediately apparent that an answer to this 
question might be obtained by the application of the 
degradation procedure. Any polyribonucleotide 
which, after one or more nucleotides have been 
split off, resists further degradation, will, in all 
probability, have a branched structure. If RNA is 
a branched molecule, then the method described in 
this paper will not be of great assistance in the 
determination of nucleotide sequence in such 
molecules unless the branch chains can be removed 
without affecting the structure of the main chain. 

Moreover, even if RNA has an unbranched 
structure, it. is perhaps still too early to assess the 
true value of the degradation method. Present-day 
knowledge indicates that RNA consists of a number 
of fairly short-chain molecules (Markham & Smith, 
1952c), and little information would be gained from 
the application of the method to such a mixture. 
Should it be possible to resolve this mixture into 
fractions, each containing a number of identical 
chains, then the value of the degradation method as 
a means of comparing the nucleotide sequence in the 
various fractions becomes obvious. 

A more immediate application of the method 
might be to an examination of the structure of 
RNA ‘core’. The non-dialysable fraction of an 
RNA-ribonuclease digest, or ‘core’, appears to 
consist of polyribonucleotides with average chain 
length of 4-6 nucleotide residues (Markham & 
Smith, 1952c; Volkin & Cohn, 1953). The combina- 
tion of Cohn’s ion-exchange method for the separa- 
tion of polyribonucleotides (Cohn et al. 1952) and 
the stepwise degradation procedure described in 
this paper might assist considerably in establishing 
the composition of the ‘core’. For instance, if the 
‘core’ were subjected to two cycles of the degrada- 
tion procedure, the average chain length of the 
component polynucleotides would be reduced to 
2-4 nucleotide residues. The shortened ‘core’ 
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polynucleotides could then be separated by ion- 
exchange chromatography and their composition 
and nucleotide sequence determined. 


Mechanism of the reaction 


The first two steps of the reaction, involving the 
removal of the free phosphate group from (II) with 
phosphomonoesterase and the oxidation of the 
exposed cis-hydroxyl groups in (III) with periodate 
to give a dialdehyde derivative (IV), are quite 
straightforward. The theory, however, behind the 
reaction which occurs when the oxidized residue is 
subjected to mild alkaline treatment (step 3) is by 
no means clear. 
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other and with the free base, cytosine. This identifi- 
cation was based on (1) the same R, values in 
solvents 1-3, (2) the same ionophoretic mobilities at 
pH’s 1-7, 3-5 and 7-0, and (3) identical absorption 
spectra in acid, in alkali and at pH 7-0. 

One other observation which indicates the com- 
plicated nature of the reaction was made. When the 
dialdehyde derivative of cytidine was treated at 
pH 10 for a short time only (30 min.), two ultra- 
violet-absorbing products could sometimes be 
detected by chromatography in solvent 1. The 
slower moving component was the end-product of 
the reaction (cytosine), while the faster moving 
component was an intermediate product in the 
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An insight into the possible mechanism of the 
latter reaction was afforded by an examination of 
the periodate oxidation products of cytidine and 
cytidine 5’-phosphate. It was first noticed that the 
cytosine-containing fragment which was obtained 
during the degradation of adenylyl-cytidylic acid 
did not have the same Rf, value in solvent 1 as that 
of the periodate oxidation product of cytidine 
(Fig. la, col. 5; Fig. 1b, col. 5). If, however, the 
latter was treated at pH 10 it was converted into 
a product which appeared to be identical with that 
obtained from adenylyl-cytidylic acid (Fig. la, 
col. 6; Fig. 1b, col. 6). Furthermore, the periodate 
oxidation product of cytidine 5’-phosphate could 
also be converted into the same end-product by 
treatment at pH 10 (Fig. 16, cols. 2-4). 

These three cytosine-containing fragments, de- 
rived from adenylyl-cytidine, cytidine and cytidine 
5’-phosphate by periodate oxidation and incubation 
at pH 10, were shown to be identical with each 


reaction. In all probability, other intermediates 
were also formed. 

The experimental results support the suggestion 
of Brown e¢ al. (1953) that the initial action of 
alkali on the periodate-oxidized dinucleoside mono- 
phosphates is an elimination process, since these 
substances are phosphate esters of 8-hydroxyalde- 
hydes. Thereafter, the liberated fragment undergoes 
one or more reactions of an unknown nature 
leading apparently to the free base as end-product. 


SUMMARY 


1. A method is described whereby the sequence 
of nucleotides in an unbranched polyribonucleotide 
can be determined. 

2. This method has been applied successfully to 
five dinucleotides and three trinucleotides. 

3. The possible mechanism of the reaction is 
discussed. 
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The Occurrence of Isomaltose among the Products of heating Glucose 
in dilute Mineral Acid 
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(Received 27 May 1954) 


Since the identification by Emil Fischer (1890, 
1895) of the disaccharide ‘isomaltose’ among the 
products of action of cold concentrated hydro- 
chloric acid on glucose there have been numerous 
reports of such condensations in the presence of 
mineral acids, both under conditions likely to 
produce dehydration (cf. Levene & Upts, 1925; 
Pacsu & Mora, 1950; Kent, 1953), and also in 
aqueous solution (cf. Brown & Millar, 1899; 
Harrison, 1914; Berlin, 1926; Georg & Pictet, 
1926; Moelwyn-Hughes, 1928). The characteriza- 
tion of the products was, however, hindered by the 
lack of suitable methods for their separation. 

Later authors (Frahm, 1941; McDonald, 1950; 
Pirt & Whelan, 1951) have measured changes in 
reducing power and optical rotation in solutions of 
glucose and mineral acids under various conditions, 
but only Frahm considered condensation as a 
contributory cause. Téaufel & Reiss (1951) used 
paper chromatography to estimate the changes in 
glucose content of a 10% solution in 3N hydro- 
chloric acid heated at various temperatures; they 
found a 17 % loss of glucose after 3 hr. at 100° and 
also noted that material with smaller R, values 
appeared. 

Whitby (1952), using glucose oxidase, found a loss 
of 4% of glucose from a 2-5 % solution heated for 
2-5 hr. at 100° in n hydrochloric acid. 


This paper describes qualitative and quantitative 
observations made on the products of heating 
glucose in N aqueous acid (sometimes called ‘rever- 
sion products’) by the use of paper chromatography. 
The isolation of one major component of this 
mixture by charcoal—Celite chromatography is 
described and evidence is presented that this com- 
ponent is isomaltose (6-O-x-p-glucopyranosy]l-D- 
glucose). 

The conception that the branched structures of 
glycogen and amylopectin arise through the 
presence of «-1:6-linkages has depended mainly 
upon the isolation of isomaltose derivatives from 
enzymic (Montgomery, Weakley & Hilbert, 1949) 
and acidic (Wolfrom, Lassettre & O’Neill, 1951; 
Wolfrom, Tyree, Galkowski & O'Neill, 1951; 
Thompson & Wolfrom, 1951) hydrolysates of the 
two polysaccharides. The discovery that mould- 
enzyme preparations can form the isomaltose type 
of linkage from maltose (Pan, Andreasen & Kola- 
chov, 1950) has cast doubts on the reliability of 
evidence from enzymic digests, and it has been 
suggested that the isomaltose found in acid hydro- 
lysates might have been formed by reversion from 
free glucose. Myrbiack (1941) produced evidence to 
show that condensation products were absent from 
his starch hydrolysates but the methods available 
to him would seem to have been inadequate to settle 
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this point since it is now clear that under his condi- 
tions some condensation must have taken place. 

While the present work was in progress Wolfrom 
and his collaborators published the results of 
several years’ investigation of this problem (cf. 
Wolfrom, Georges & Miller, 1949): after acetylating 
the products of heating glucose in dilute acid 
solution they have isolated equal quantities of the 
octaacetates of isomaltose and gentiobiose (Thomp- 
son, Wolfrom & Quinn, 1953) and also smaller 
amounts of the octaacetates of other disaccharides 
(Thompson, Anno, Wolfrom & Inatome, 1954). The 
quantities of isomaltose octaacetate isolated in 
these experiments were much smaller than those 
obtained from the acetylated hydrolysis products of 
glycogen (Wolfrom, Lassettre & O’Neill, 1951) and 
amylopectin (Wolfrom, Tyree, Galkowski & O’ Neill, 
1951). In earlier experiments they had detected no 
isomaltose by their method in comparable hydro- 
lysates of amylose. 

It appeared of interest to apply the quantitative 
techniques developed here to a more accurate 
assessment of isomaltose in glycogen hydrolysates. 
The yields of isomaltose from two glycogen hydro- 
lysates were found to be considerably greater than 
the condensation producis from glucose or maltose 
under the same conditions of acid treatment, 
confirming Wolfrom’s conclusion that the isomaltose 
found in acid hydrolysates originates in the glycogen 
molecule and not by condensation. 


METHODS 


Reducing substances (RS). These were estimated colori- 
metrically using a copper method (Nelson, 1944; Somogyi, 
1945). Extracts from paper give a low blank value with this 
method. The blank areas cut from a sheet carrying fifteen 
spots of solution for analysis have a total reducing power of 
less than 0-1 mg. RS. Glucose, recrystallized from ethanol, 
was made up as a standard solution in saturated benzoic 
acid. All reducing substances were compared with dilutions 
of this solution and are expressed as the weight of glucose 
having the same reducing power. 

Paper-partition chromatography. Chromatograms were 
prepared by descending development in butanol-acetic 
acid-water solvent using the apparatus and methods 
employed by Bacon & Edelman (1951). Spraying reagents 
used were the benzidine-trichloroacetic acid spray de- 
scribed by those authors, the phloroglucinol spray for 
ketoses (Horrocks & Manning, 1949) and the alkaline silver 
nitrate spray of Trevelyan, Procter & Harrison (1950), 
which reacts slowly with trehalose. Solutions for quanti- 
tative analysis were applied to paper sheets with an Agla 
micrometer syringe (Burroughs Wellcome and Co., London) 
in three groups of five 5 ul. spots applied serially with single 
guide spots between the groups. A further series of spots 
could be applied when the first were dry. 

To avoid any possibility of hydrolysis of the paper all 
solutions used in quantitative work were neutralized before 
application (see Results section). Consequently the sheets 
carrying these solutions contained relatively large amounts 
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of salts, and appeared to hold unusually large quantities of 
acetic acid when dry. The acid nature of the extracts made 
from these papers interfered with the use of the Nelson 
copper reagent. This difficulty was avoided by drying the 
sheets below 80° and hanging them in the open laboratory 
for 1-2 days before cutting them up for extraction. 

Charcoal—Celite chromatography. Fither ‘Activated 
Charcoal’ (British Drug Houses Ltd., London, N. 1) or 
Active Carbon no. 130 (Sutcliffe-Speakman Ltd., Leigh, 
Lancs) mixed with an equal weight of Celite no. 535 (Johns- 
Manville Co. Ltd., London, S.W. 1) was packed wet in glass 
tubes. The columns were eluted either with certain concen- 
trations of ethanol (Whistler & Durso, 1950) or, where 
specified, by a gradient elution technique using aqueous 
ethanol (Bacon & Bell, 1953). 

Polarimetry. The optical rotations of solutions were read 
in 2 dm. tubes using a sodium lamp as light source. 

Total hydrolyses. These were carried out in 0-5N-H,SO, in 
sealed ampoules for 18 hr. at 100° alongside a control glucose 
solution of similar concentration. 


MATERIALS 


Glucose. Apart from the preparation of standard solutions 
(see Methods) A.R. grade glucose (British Drug Houses Ltd., 
London, N.1) was used without further purification. 

Isomaltose. Isomaltose was prepared from the products of 
partial acid hydrolysis of bacterial dextran (cf. Wolfrom 
et al. 1949). ‘Dextran Transfusion Solution’ (200 ml. of 
6%, w/v) in physiological saline (Benger Laboratories Ltd., 
Holmes Chapel, Cheshire) was heated for 5 hr. at 100° in 
0-09N-H,SO,. The mixture was neutralized and the residual 
polysaccharide precipitated with 3 vol. of ethanol. The 
filtrate was then concentrated under reduced pressure and 
put on a charcoal-Celite column (32 x 2-7 cm.) made from 
80 g. of charcoal-Celite mixture. Glucose was eluted with 
water and then isomaltose with 2 % (v/v) ethanol. From this 
eluate the disaccharide was obtained as a dry syrup con- 
taining traces of a second disaccharide. The octaacetate 
prepared from this syrup had m.p. 144° and m.p. 144-145° 
when mixed with an authentic specimen (cf. Wolfrom e¢ al. 
1949). 

Gentiobiose. (6-O-B-D-glucopyranosyl -p-glucose). For 
comparison of Ry values on paper chromatograms a solution 
containing mainly gentiobiose was prepared by prolonged 
incubation of emulsin with 60% (w/v) glucose solution 
(Peat, Whelan & Hinson, 1952). A charcoal—Celite column 
was used to separate the disaccharide mixture from protein 
and glucose. 

Maltose. ‘Biochemical reagent’ (Thomas Kerfoot and 
Co. Ltd., Vale of Bardsley, Lancs). 

Cellobiose. (L. Light and Co. Ltd., Colnbrook, Bucks). 


RESULTS 
The action of aqueous acids on glucose 


Qualitative observations. After 18 % (w/v) glucose 
in N-H,SO, had been heated for 3 hr. at 100°, 5 yl. 
run on a paper chromatogram and tested with 
benzidine-trichloroacetic acid spray showed a 
distinct spot (R, 0-07) in the disaccharide region. 
This solution was freed from glucose on a column of 
charcoal—Celitemixture(see below)and the remaining 
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material was concentrated to one-fifth of the original 
volume. When 5 yl. of this solution was chromato- 
graphed (Fig. 1) other spots became visible (C, D 
and #) and if development was continued for 
10 days the main spot separated into two com- 
ponents A and B (Fig. 2). Spots A and B had very 
similar R, values, which corresponded to those of 
gentiobiose and isomaltose respectively. Spot C 
had R, value similar to maltose; spot D had R, 
value greater than maltose and gave a distinctly 
more yellow colour with the benzidine-trichloro- 
acetic acid spray than did the other spots. Between 
these spots and the starting line was another series 
of spots (Fig. 1, #). A similar chromatogram 
sprayed with the alkaline silver nitrate reagent 
showed a sixth spot close to C, indicating that at 
least one trehalose was present. No spots reacted 
with the ketose spray. 

Quantitative experiments. To follow the progress 
of condensation, samples of 18% (w/v) glucose 
solution in N-H,SO, were removed from the boiling- 
water bath at intervals, the optical rotation 
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Fig. 1. Comparison of the acid-condensation products of 
glucose with various known sugars. (a) Condensation 
products (stage I) containing a little glucose, (6) iso- 
maltose, (c) crude gentiobiose preparation, (d) mixture of 
glucose, maltose, and raffinose, (e) cellobiose. Chromato- 
gram run descending for 6 days in butanol-acetic acid— 
water; sprayed with benzidine-trichloroacetic acid. 
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measured and, after neutralization, 
volume applied to large sheets of paper. The papers 
were developed for 1—2 days in butanol-acetic acid- 
water to separate the condensation products from 
glucose; an area between the glucose spot and the 
base line, indicated by guide strips, was eluted and 
RS determined in this eluate. An extract from 
similar areas of a chromatogram of a sample taken 
at zero time was used as a blank. Fig. 3 shows the 
increase in optical rotation and in the RS of the 
total condensation products formed under these 
conditions. 

In earlier experiments (Fig. 3, Expt. 1) samples 
were heated in separate volumetric flasks, each of 
which was cooled, neutralized and made to volume 
before measuring the optical rotation. Both NaOH 
and hot Ba(OH), were tried as neutralizing agents 
but it proved difficult, particularly with Ba(OH),, 
to avoid occasional traces of ketoses arising by 
epimerization of aldoses and thus lowering the 
optical rotation. Hence in later experiments (Fig. 3, 
Expt. 2) the glucose solution was heated in bulk 
under a reflux condenser and samples withdrawn, 
cooled and examined for optical rotation before 
a known volume of the sample was neutralized for 


(a) =) 


eT 


Gentiobiose 


Isomaltase 





Fig. 2. Similar chromatogram to that in Fig. 1; (a), (b) and 
(c) as in Fig. 1. Run descending in butanol-acetic acid- 
water for 10 days; sprayed with benzidine-trichloro- 
acetic acid. 
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chromatography. In these experiments NaOH was 
used for neutralization. The resulting salt travelled 
on the paper among the condensation products and 
suppressed the colour development with benzidine— 
trichloroacetic acid spray, but in practice reference 
spots were still visible when sprayed and the eluted 
salt did not interfere with RS estimation. 

After 3 hr. at 100° the mixture of oligosaccharides 
present contained 0-75 g. RS/100ml. Assuming 
that the mixture had 0-41 x reducing power of 
glucose (see below) this would correspond to the 
condensation of 1-83 g./100 ml. (10-2%) of the 
original glucose, and to the loss of 1-08 g. RS/ 
100 ml. The increase in optical rotation during this 
period amounted to 3-5% of the initial value (cf. 
McDonald, 1950: 3-4%), and closely followed the 
increase in oligosaccharide. Continued heating 
produced little further change ; the darkening of the 
solution, which is not sufficient to prevent polari- 
metric observations in a 2 dm. tube at 3 hr., con- 
tinued, and the appearance on chromatograms of 
a small amount of a spot with high R, value and 
reacting in the cold with the benzidine-trichloro- 
acetic acid spray (? a furfural derivative) suggested 
that some degradation of glucose took place. 

With the same concentration of glucose and the 
same normality of acid, hydrochloric acid was at 
least as effective as sulphuric in oligosaccharide 
formation as judged from visual examination of 
chromatograms. Pirt & Whelan (1951) observed 
greater losses of glucose with HCl than with 
H,SO,. Oxalic acid was slightly less effective, while 
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Fig. 3. Data from two experiments (O—O, Expt. 1; 
@—e@, Expt. 2) in which an 18% (w/v) solution of 
glucose was heated at 100° in n-H,SO,, showing (a) the 
increase in optical rotation of the whole solution and 
(6) the formation of oligosaccharides, separated from 
glucose by paper chromatography, and measured as RS. 
Wi, Additional experiments under the same conditions. 
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acetic acid produced a barely detectable effect. As 
reported by other authors, with lower concentra- 
tions of glucose or acid the proportion of glucose 
condensed was less (see Table 2). However, when 
2% (w/v) glucose heated in N-H,SO, was freed from 
glucose and concentrated to 0-01 of the original 
volume, the same mixture of disaccharides was 
visible on a chromatogram. 


Chromatography on mixtures of charcoal—Celite 


Separation from glucose. Larger volumes of an 
18% (w/v) solution of glucose in N-H,SO, were 
heated for 3 hr. at 100°, neutralized with NaOH, 
concentrated to a thin syrup, and placed on char- 
coal—Celite columns. If the columns were over- 
loaded with respect to oligosaccharide some disac- 
charide was eluted by the water. A load of 6g. 
original glucose, i.e. containing about 0-6 g. oligo- 
saccharide, to an 80 g. column proved to be satis- 
factory. The glucose and salt were then eluted with 
water. When the effluent was free from benzidine- 
reacting material, water was replaced by 25 % (v/v) 
ethanol which eluted the remaining carbohydrates. 
Such eluates from several columns were combined 
and concentrated (stage I). Small amounts of 
glucose still present were removed by treatment on 
smaller columns (stage II). In this way 4 g. glucose 
yielded 0-43 g. mixed oligosaccharide as dry syrup, 
which on complete hydrolysis contained 0-38 g. 
glucose (corrected for reversion) ; this corresponded 
to 9-4 % of the original glucose. This mixture had 
[«]??+84° in water, assuming it to be all disac- 
charide. The ratio of RS before to that measured 
after hydrolysis was 0-41. 

Separation of a single component. The mixed 
condensation products (stage I) were put on a 
charcoal—Celite column and washed with water to 
remove traces of glucose. Aqueous ethanol (1-5 %, 
v/v) was then passed through the column; even at 
this low ethanol concentration one component of 
the mixed oligosaccharides was readily eluted. This 
appeared chromatographically to be spot B. When 
the column was further washed with 25% (v/v) 
ethanol and the eluate concentrated and chromato- 
graphed, spot A was the main component seen, 
accompanied by spots C, D and EL; B was absent. 
When the gradient elution technique was used, spot 
B was the first component to emerge after glucose. 
Some preparations of B by both techniques have 
been contaminated with a second benzidine-reacting 
substance, giving the same characteristic pinkish 
colour as spot B with this spray but having R, value 
similar to a trisaccharide. This second substance 
was not always seen and was no longer seen after the 
fractions had been passed through a fresh column. 
The silver nitrate spray showed that all preparations 
of spot B also contained some non-reducing material, 
probably a trehalose. 
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Table 1. Properties of disaccharide fractions obtained from bacterial dextran and acid-condensation products 


Disaccharide from 
bacterial dextran 


Sample 1 
373 
191 
366 
0-52 
+115 


280 
138 
266 
0-52 
+113 


Dry weight (mg.) 

RS before hydrolysis (mg.) (a) 
RS after hydrolysis (mg.) (b) 
Reducing power (a/b)* 

[x]? in water, calc. from (b) (°) 


M.p. of octaacetate (°) 144 


Mixed m.p. with authentic sample 144-145 
from Dr M. L. Wolfrom (°) 


M.p. of phenyl osazone (°) 160-161 


Sample 2 


Disaccharide from 
reversion products 


Sample 2 Recorded values 


357 
152 
342 
0-45 
+114 


Sample 1 


233 
96 
210 
0-46 
+115 


+ 103-2 (Wolfrom e¢ al. 1949) 

+120 (Montgomery ef al. 1949) 

+122-9 (Barker & Carrington, 
1953) 

+122-0 (Jeanes, Wilham, 
Jones, Tsuchiya & Rist, 1953) 

143-4 (Wolfrom et al. 1949) 

147} 


146-147 
147 


144-150 140-153 (Fischer, 1890) 


158 (Fischer, 1895) 


* The correction required for loss of RS by reversion during hydrolysis was 5-5%; within the experimental error this 
balances the theoretical increase in weight consequent upon complete hydrolysis. 
+ Melting point measured on a sample provided by Dr Wolfrom. 


By gradient elution from charcoal—Celite, 16-0 g. 
glucose yielded as dry syrup 0-78 g. of spot B and 
0-88 g. of the other oligosaccharides. 

Identification of isomaltose. The material which 
was eluted with 1-5 % (v/v) ethanol and appeared on 
paper as spot B was compared in various respects 
with authentic isomaltose obtained from bacterial 
dextran. Some of these properties are summarized 
in Table 1. In addition it should be noted that both 
substances were eluted very readily from charcoal 
by 1-5 % (v/v) ethanol. 

The syrups were acetylated by being heated with 
fused sodium acetate and acetic anhydride, and the 
products crystallized from ethanol after seeding 
with a crystal of B-isomaltose ocataacetate kindly 
given to us by Dr M. L. Wolfrom of the Ohio State 
University. 

The osazones were prepared by heating the 
materials with phenylhydrazine hydrochloride and 
sodium acetate; the crystals were washed well with 
water and ether and recrystallized twice from water. 
Crystals from the two sources appeared identical 
and exhibited the characteristic properties de- 
scribed by Fischer (1890, 1895), namely, high 
solubility in warm water and in ethanol, and the 
formation on drying of a brittle dark-brown caked 
mass which after pulverization formed a stable 
yeliow powder of different crystalline appearance. 
Fischer (1895) pointed out that exhaustive purifica- 
tion was needed to get a sharp melting point at 
158°. 

The two disaccharides had the same R, value in 
butanol—acetic acid—water, phenol—water, butanol— 
pyridine-water (Jeanes, Wise & Dimler, 1951), 
ethyl acetate-pyridine—water (Jermyn & Isher- 
wood, 1949), and also with the benzylamine tech- 
nique of Bayly & Bourne (1953). 


Hydrolysis products of glycogen 


Attempts to hydrolyse glycogen with H,S0, 
under the conditions described by Wolfrom 
(Wolfrom, Lassettre & O’Neill, 1951) failed to give 
a sufficient degree of hydrolysis. Finally the 
hydrolyses were carried out as a 2% (w/v) solution 
in 0-056N-HCl heated under reflux at 98-—100°. 
Under these conditions a sample of glycogen pre- 
pared from Mytilus edulis (by extraction with 
boiling water, deproteinization with picric acid, and 
repeated ethanol precipitation) was 42 % hydrolysed 
(as measured by RS) after heating for 8 hr. and a 
sample of glycogen prepared from rabbit liver (by 
extraction with hot aqueous KOH followed by 
repeated precipitations by ethanol and acetic acid) 
was 83 % hydrolysed in 24 hr. 

After cooling and neutralization each hydrolysate 
was concentrated under reduced pressure and 
separated from most of the glucose in the same way 
as the acid-condensation products. The ethanol 
eluate was again concentrated (after adjusting pH 
to 6-0) and placed on a further charcoal—Celite 
column (80 g.) which was then eluted by the gradient 
elution technique using a very low gradient (15 or 
20 % (w/v) ethanol run into 1 1. water). The fractions 
were tested by paper chromatography and all those 
containing isomaltose were bulked, pH adjusted to 
6-0, and taken to dryness under reduced pressure. 
Chromatography of concentrated solutions showed 
that the isomaltose so obtained from 4a partial 
hydrolysate of Mytilus glycogen contained a little 
material reacting as ketose. The isomaltose fraction 
from the more fully hydrolysed liver glycogen gave 
no reaction with ketose spray but with the silver 
nitrate spray was shown to contain a trace of non- 
reducing material, probably a trehalose. 
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Table 2. Results of chromatographic separations of control and experimental mixtures of sugars 


The yields of combined sugars are expressed in terms of the glucose liberated on total hydrolysis, an appropriate 
correction being made for reversion. The recovery, where this is calculable, is given in parentheses. 


Material isolated 


——R. _—_.-/- 


Material subjected to chromatography 


(1) 4:00 g. glucose + reversion products equivalent to 
40 mg. glucose 


(2) 2-00 g. glucose + 0-50 g. maltose monohydrate* 
+isomaltose equivalent to 119 mg. glucose 


(3) 25% (v/v) ethanol eluate (no sugars added) 
(4) 4-00 g. glucose (untreated) 
(5) (a) 4-00 g. glucose heated in 200 ml. 0-056N-HCl 
for 8 hr. 
(b) as 5 (a) 
(c) 4:00 g. Mytilus glucogen treated as 5 (a) 
(6) (a) 4-00 g. rabbit liver glycogen heated in 200 ml. 
0-056 N-HCI for 24 hr. 
(b) 4-20 g. maltose monohydrate* treated as 6 (a) 
(c) 4-00 g. glucose treated as 6 (a) 


* Commercial sample containing trisaccharide. 


Total 
Glucose Isomaltose Maltose oligosaccharide 

(g-) (mg.) (mg.) (mg-) 
3-90 (98%) Li a 38 (95%) 

_— 101 (86%)t 386 a 

= _ -— Nil 
3-92 (98%) << ~ 5 

— — -- 29 

ain al a 29 

am 44+ 436+ oni 

= 164+ Eas — 

_ — —_ 101 

a os —_— 47 


+ After separation from glucose the total oligosaccharide mixture was fractionated by gradient elution. 


Control solutions of glucose and commercial 
maltose were treated similarly with acid and a 
mixed oligosaccharide fraction obtained from each 
in the same way. The amount of carbohydrate 
material so obtained was however insufficient to 
fractionate further by gradient elution and instead 
the mixture was analysed in each case and carbo- 
hydrate content after total hydrolysis calculated on 
the assumption that the mixture was all disac- 
charide. The data so obtained, together with some 
recovery experiments in which known amounts of 
materials were separated on similar columns, are 
given in Table 2. 


DISCUSSION 


That glucose could be condensed with aqueous 
mineral acid has long been known, if not widely 
recognized. It is evident from our observations and 
those of Thompson e¢ al. (1953, 1954) that with 
relatively dilute mineral acid isomaltose and gentio- 
biose are the main products, although a number of 
other disaccharides also arise. Chromatographic 
evidence and the fact that the reducing power is 
more than doubled by complete hydrolysis show 
that after treatment with concentrations of acid no 
greater than N some larger molecules are formed. 
Quantitative studies indicate that of the free 
glucose disappearing from such solutions consider- 
ably more is incorporated into oligosaccharide than 
is destroyed. In an experiment described above 4 g. 
glucose gave rise to oligosaccharides containing 
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0-38 g. glucose (9-4% original glucose) with [a] 
approx. + 84°. This would lead to an increase in the 
optical rotation of the whole solution of about 5%, 
whereas the observed rise was 3-5 %, so that 1-5% 
of the original glucose may have been destroyed, 
compared with 9-4% condensed. Pirt & Whelan 
(1951), and other authors, have measured loss in 
reducing power when glucose is heated with dilute 
acid under various conditions. Their data give 
useful ‘correction factors’ but since most of the 
oligosaccharides produced are also reducing sub- 
stances these factors are not a measure of the loss of 
glucose as such. 

We were led to the present investigation by the 
observation that when 3% (w/v) maltose was 
hydrolysed at 100° with n-H,SO, disaccharide 
material persisted even after 5 hr. Closer inspection 
showed this to be spot A, B (Figs. 1 and 2) and not 
maltose. Despite many references in the literature 
it still does not seem to be generally recognized that 
unless very dilute carbohydrate solutions and acids 
are used in total hydrolyses of carbohydrate 
material a correction for ‘reversion’ is necessary and 
control glucose solutions should always be used. 
Changes in strength and nature of acid used and in 
concentration of carbohydrate will make consider- 
able differences to the amount of ‘reversion’ taking 
place in a given period of time. 

A notable feature of the condensation process is 
the production of isomaltose. After heating 16 g. 
glucose for 3 hr. in N-H,SO, it was possible to 
isolate 0-78 g. of a syrup consisting chiefly of this 
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disaccharide. The yield of total oligosaccharide in 
this experiment was 1-66 g. Even if an allowance of 
10% is made for contaminating substances in the 
isomaltose fraction the figures show that nearly 
half the condensation product is isomaltose. 
Inspection of chromatograms suggests that the 
amount of gentiobiose formed is of a comparable 
magnitude, and this is confirmed by the isolation by 
Thompson et al. (1953) of equal amounts of the two 
octaacetates. The greater part of the condensation 
products evidently consists of these two disac- 
charides. Thus, as Peat et al. (1952) found in the case 
of glucose condensation catalysed by emulsin, the 
1:6-link predominates, but while the enzyme 
specifically catalyses the formation of f-linkages, 
acid condensation produces both. 

The recovery experiments (Table 2) demonstrate 
that the chromatographic methods used here do not 
permit the measurement of the whole of the iso- 
maltose in an oligosaccharide mixture. However, 
they are probably better in this respect than the 
acetylation technique used by Wolfrom and his 
collaborators. Our figures for the yield of isomaltose 
on hydrolysis of glycogen are somewhat higher than 
those given by Wolfrom, Lassettre & O’Neill (1951). 
If one assumes that isomaltose amounts to about half 
the total oligosaccharide produced from glucose by 
condensation under the conditions used for glycogen 
hydrolysis, as in the more drastic conditions 
mentioned earlier, the yields recorded in our experi- 
ments are appreciably greater than those found by 
Thompson et al. (1953). 

Thus our experiments bring the yields of iso- 
maltose from glycogen closer to those produced by 
acid condensation under comparable conditions, 
but nevertheless the discrepancy between them is 
still so great that it must be concluded that the 
isomaltose structure is an integral part of the 
glycogen molecule. 


SUMMARY 


1. When glucose is heated in solution with 
N-H,SO, the products include a complicated 
mixture of oligosaccharides (‘reversion products’) 
in which disaccharides predominate. 

2. One component of this mixture is isomaltose. 

3. The production of isomaltose and of the total 
condensation products has been examined quanti- 
tatively. 

4. The degree of condensation depends upon the 
nature and concentration of the acid used, on the 
concentration of glucose and on the duration of 
heating. 

5. The amounts of isomaltose appearing during 
hydrolysis of glycogen have been compared with 
those arising by condensation. The considerable 
excess produced from glycogen, over that expected 
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from condensation, is taken to indicate that the 
isomaltose structure is an integral part of the 
glycogen molecule. 


We wish to thank Professor D. H. Smyth and Professor 
H. A. Krebs, F.R.S., for their help and encouragement 
during the course of this work. We are grateful to Professor 
M. L. Wolfrom for his gift of octaacetyl isomaltose. 
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The hypothesis that squalene takes part in the bio- 
synthesis of cholesterol rests on the evidence of 
Langdon & Bloch (1953a) that squalene is built up 
from [!4C acetate in the liver of the rat and that the 
[4C]squalene thus obtained is converted efficiently 
into the sterol when fed to mice (Langdon & Bloch, 
19536; Popjék, unpublished; Schwenk, Todd & 
Fish, 1954). Further, the distribution of acetate 
carbons in cholesterol so far established (Wiiersch, 
Huang & Bloch, 1952; Cornforth, Hunter & 
Popjak, 19536; Woodward & Bloch, 1953; Bloch, 
1953) agrees with the assumption that the iso- 
prenoid units, forming the skeleton of squalene, are 
synthesized from acetate by an overall reaction 
suggested by Bonner & Arreguin (1949) for another 
isoprene polymer, the hydrocarbon of guayule 
rubber (Scheme 1). 

In terms of the notation suggested by Klyne 
(1954) for the carbon atoms of an isoprenoid unit 
(ef. Scheme 1), the carbons w, w’ and y originate 
from the methyl, and carbons z and z from the 
carboxyl carbon of acetate. In their explanation of 
the folding and cyclization of squalene to form the 
sterol skeleton, Woodward & Bloch (1953) and 
Bloch (1953) assumed the correctness of this 
distribution of acetate carbons among the iso- 
prenoid units. However, there is as yet no experi- 
mental proof available. 

The biosynthesis of [**C]squalene in vitro from 
[4C]acetate by rat liver slices (Popjak, 1954) 
afforded [/4C]squalene of sufficiently high specific 


-2CH,. COOH—> CH,.CO.CH,.COOH —> CH,.CO.CH, + CO, 


(w)CH, 
CH,.CO.CH, +CH,.COOH —> (z)C=CH—COOH 
(y) — (z) 
(w’) H, 


Scheme 1. Mechanism of formation of an isoprenoid unit 
from acetate suggested by Bonner & Arreguin (1949). 
The notation for the carbon atoms (w, w’, x, y, z) of the 
isoprenoid units is that put forward by Klyne (1954). 


activity to enable us to carry out a complete 
chemical degradation of the hydrocarbon. This 
report is concerned with the distribution of 
[4C] in squalene formed from [Me-C]acetate 
(#4CH,.COONa). 


MATERIAL AND METHODS 


[4C]Squalene. Approximately 100 g. of a mince of the 
liver of young rats (50-60 g. body weight) were incubated 
for 5 hr. in ten batches in Krebs—Henseleit buffer, pH 7-4 
(100 ml./10 g. liver mince) in the presence of 0-3% glucose 
and 100yuc (3-1 mg.) of [Me-'C]sodium acetate in each 
incubation. The tissue mince was prepared by pressing the 
liver through the perforated stainless steel end-plate of 
a syringe. The treatment of the incubation mixture and 
extraction of ['4C]squalene was carried out as described 
before (Popjak, 1954). A total of 1g. of highly purified 
squalene generously provided by Professor A. Wormall was 
used as carrier. The ['C]squalene, separated from [}*C]- 
cholesterol by chromatography (Langdon & Bloch, 1953a) 
on alumina washed with methyl formate, was further 
purified from contaminating [!*C]cholesterol by the addition 
of 0-5 g. of unlabelled cholesterol followed by chromato- 
graphy on alumina. This ‘ washing out’ process was repeated 
3 times, after which the cholesterol eluted from the column 
was devoid of detectable radioactivity. The squalene was 
chromatographed once more without added cholesterol. It 
should be mentioned that the cholesterol eluted from the 
column after the first ‘washing out’ contained significant 
radioactivity. The [!4C]squalene was kept sealed under N, at 
+5° until required. The specific activity of the squalene 
assayed on the hexahydrochloride in infinitely thick samples 
and on squalene itself in thin samples agreed within the 
counting error of the assay (+ 2%). 


Degradation of squalene 


Oxidative ozonolysis was used as the first step essentially 
as described by Strain (1933) for the ozonolysis of lycopene. 
Oxidative ozonolysis of 1 mole of squalene (cf. Heilbron, 
Owens & Simpson, 1929) should give rise theoretically to 
2 moles of acetone, 4 moles of laevulinic (4-oxopentanoic) 
acid and 1 mole of succinic acid (Scheme 2). By the process 
described below these three degradation products were 
obtained in 55%, 70-75% and 30-50% yields of the theo- 
retical respectively.It is seen from Scheme 2 that the carboxy] 


26-2 





404 


carbons of succinic acid are derived from carbon atoms 
y3-y3’ and the methylene carbons from z3-23’. Also, in 
each molecule of laevulinic acid each carbon atom is 
obtained from analogous positions of the isoprenoid units, 
i.e. from carbons y, z, w, x and w’ (in order starting from 
carboxyl), carbon atoms 22, x2’, 73 and x3’ furnishing the 
carbonyl and carbons yl, yl’, y2 and y2’ the carboxyl 
carbon. Thus the carbon-by-carbon degradation oflaevulinic 
acid alone should give an unequivocal answer as to the 
distribution of acetate carbons in squalene. . 

Squalene (400 mg.) in 10 ml. of light petroleum (b.p. 
60-80°) was ozonized at 0° with a 5-7 % stream of ozone in 
O, for 2 hr., then 2 ml. of acetic acid were added and the 
ozonization was continued for another 2 hr., by which time 
all the light petroleum was blown off and the acetic acid 
froze. To the crystal-clear thawed solution of ozonide 
0-5 ml. of H,O, (‘100 vol.’, British Drug Houses Micro- 
analytical Reagent) was added and the mixture shaken for 
1 hr. at room temperature, when a further 0-5 ml. of H,O, 
was added. After another | hr. at room temperature 3 ml. 
of water and 2 ml. of H,O, were added and the reaction 
mixture was heated at 70° under a reflux condenser for 
3 hr., by which time only a faint cloudiness was produced on 
addition of 5ml. of water. The reaction mixture was 
brought to pH 5 with NaOH, then the acetone was distilled 
over into water with a stream of N,. 

Acetone. The distillate was treated further for the purifica- 
tion and degradation of acetone as described previously 
(Popjak, French, Hunter & Martin, 1951). From a small 
sample of the purified acetone in water the 2:4-dinitrophenyl- 
hydrazone was prepared for radioactive counting. 
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Separation of acidic products. The original reaction 
mixture, from which the acetone was distilled, was made 
strongly acid by the addition of 10 ml. of 2N-H,SO, and the 
acetic acid and H,O, were removed by steam distillation, 
There were only traces of ketonic material in the steam 
distillate which was discarded. The residue of steam 
distillation was extracted 10 times with an equal volume of 
ether; the extracts were combined, dried over anhydrous 
Na,SO,, filtered and distilled to dryness. The dry residue 
was extracted with CHCI,, leaving behind crystalline suc- 
cinic acid which was recrystallized from a little water. The 
CHCl, solution was evaporated to dryness and the residue 
extracted with water which dissolved the laevulinic acid, 
leaving behind some peroxides insoluble in water. A portion 
of the aqueous solution was used for isolation of the 2:4- 
dinitrophenylhydrazone of laevulinic acid for radioactive 
counting (m.p. 199-201°; an authentic sample gave m.p, 
199-201°; mixed m.p. 200-201°) and from the remainder the 
phenylhydrazone of laevulinic acid was prepared after the 
addition of carrier laevulinic acid phenylhydrazone for 
further degradation as described below. 

Degradation of succinic acid. This was done by the Curtius 
(1895) rearrangement of succinic acid to the diurethane 
(Scheme 3, cf. Calvin, Heidelberger, Reid, Tolbert & 
Yankwich, 1949). We are indebted to Mr V. H. T. James, of 
the National Institute for Medical Research, for details of 
an improved procedure for the Curtius rearrangement. 
Methyl succinate, obtained by the treatment of succinic 
acid (85mg. obtained from squalene + 153 mg. inactive 
acid) with an excess of diazomethane was converted quanti- 
tatively into the dihydrazide by treating the ester in ethanol 


Degradation of squalene by ozonolysis 
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Scheme 2. Degradation of squalene by oxidative ozonolysis. 
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2 9 


120° 
1 


—> HBr,H,N.CH,.CH,.NH,,HBr + 2CO, + 2EtOH 


Scheme 3. Degradation of succinic acid by the Curtius (1895) rearrangement. 
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with hydrazine hydrate. The dihydrazide of succinic acid 
was recrystallized from water with ethanol. The dihydrazide 
(2 m-moles) was dissolved in water (2-5 ml.) and 0-7 ml. of 
6Nn-HCl was added. This solution was covered with ether 
(5 ml.) and cooled in an ice bath. With good mechanical 


"stirring, a solution of sodium nitrite (4-1 m-moles in 2 ml. 


water), also cooled, was added instantaneously. After a few 
seconds of vigorous stirring the reaction mixture was 
transferred to a separating funnel and extracted quickly 
with two further 5 ml. portions of ether. The rapid extraction 
with ether after the addition of NaNO, is essential for good 
yield of urethane in the next step. 

The.combined ether extracts were dried over fused CaCl, 
for 15 min. and decanted into a small flask. The drying 
agent was washed with a little more ether and the washings 
were added to the bulk of the solvent. Ethanol (10 ml.) was 
added and the ether removed by distillation through a short 
fractionating column. The residual ethanolic solution was 
refluxed for 1 hr. and then evaporated to dryness under 
reduced pressure. This left a very faintly brownish oil which 
solidified into a mass of crystals on cooling. Yield of crude 
urethane was 90%. The crude ethylenediamine diurethane 
was purified by crystallization from a little water (m.p. 111°, 
reported 112°). 

The urethane (75 mg.) was heated for 90 min. with 1 ml. 
of constant-boiling HBr (120°) under a reflux condenser with 
asmall stream of N, passing through the system ; the evolved 
CO,, derived originally from the carboxyl carbons of 
succinic acid, was collected as BaCO, (140 mg.). The excess 
HBr was distilled off from the reaction mixture under 
reduced pressure. The crude ethylenediamine dihydro- 
bromide was dissolved in 1 ml. of water, the solution was 
centrifuged to remove a little insoluble material and then 
concentrated to about 0-2 ml. on a hot water bath and, while 
still hot, 5 ml. of hot methanol were added. The dihydro- 
bromide started to crystallize almost immediately; it was 
purified by one further crystallization from water and 
methanol and was plated directly for assay of “C. Yield of 
the recrystallized ethylenediamine dihydrobromide was 
60 mg. (from 75 mg. of urethane). 

Degradation of laevulinic acid. This was carried out by 
reactions analogous to those employed previously for the 
degradation of 2-methylcyclohexanone (Cornforth, Hunter 
& Popjak, 1953a) (see Scheme 4). The phenylhydrazone of 
laevulinic acid was reduced to 4-aminopentanoic acid (y- 
aminovaleric acid) with aluminium amalgam. Methylation 
of the amino acid with methyl iodide gave the betaine, 
which when fused with KOH at 350° for 10 min. gave in an 
almost quantitative yield acetic acid (from the carboxyl and 
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«-carbons) and propionic acid (from the B-, y- and 5-carbons) 
in complete analogy with the reactions described for the 
betaine prepared from ¢-aminoheptanoic acid (Cornforth 
et al. 1953). 

An aqueous solution containing 100 mg. of [**C]laevulinic 
acid was concentrated at low pressure to about 2 ml. 
A solution of phenylhydrazine (0-1 ml.) in acetic acid 
(0-3 ml.) was added gradually. Recrystallized, non-radio- 
active laevulinic acid phenylhydrazone (535 mg.) was 
stirred in and the total product was collected and washed 
with water. The phenylhydrazone was now reduced essenti- 
ally by the procedure of Fischer & Groh (1911): it was 
dissolved in 80% (v/v) ethanol (10 ml.) and treated with 
amalgamated aluminium (from 0-5g. Al). The mixture 
was shaken for 1 hr., then occasionally during 2 hr., left 
overnight, and then filtered, the residue being well washed 
with water. The filtrate was evaporated at low pressure; 
the residue was washed with ether and treated with ethanol. 
The white crystalline 4-aminopentanoic acid (264 mg.) was 
collected. Of this, 239 mg. were added to a suspension of 
Ag,O (from 1-7 g. AgNO,) in methanol (6 ml.). After a few 
minutes’ swirling, methyl iodide (0-62 ml.) was added and 
the mixture was shaken for 21 hr. The silver precipitate was 
removed and washed well with methanol; the filtrate was 
evaporated at low pressure. The residue was dried in vacuo 
over P,O,;, dissolved in a little isopropanol and treated 
gradually with dry ether as crystallization proceeded. The 
hygroscopic, solvated crystals of 4-aminopentanoic acid 
methylbetaine (65 mg.) were collected (a non-radioactive 
sample had m.p. about 200° (decomp.) after drying; found 
on dried material: N, 8-3. CsH,;0,N requires N, 8-8%). 
This betaine was heated with KOH (1-2 g.) at 350-360° 
for 10min. The products of the fusion of the betaine 
with KOH, propionic and acetic acid were separated from 
one another by chromatography and degraded further 
as described previously (Cornforth e¢ al. 19536). On 
account of the unexpectedly low yield of the betaine in 
the experiment with the labelled material, it was necessary 
to dilute about threefold the propionic and acetic acids 
after chromatography with inactive acids for further 
degradation. Even after such dilution the standard error 
of the radioactive counts did not exceed +5% for the 
more active carbons, and +10% for the carbons of lesser 
activity. 

Assay of “C. All radioactive counts were taken on solid 
samples with an end-window counter as described pre- 
viously (Popjak, 1950) and were corrected by the appro- 
priate factors for the various dilutions with inactive 
materials. 


5 4 3 2 1 - Mel 
CH,.CH.CH,.CH,.COOH ——~> 
7 a Ag,O 


NH, 


5 4 2:2 l 


K 
—> CH,.CH.CH,.CH,.COO~ ==> eta. C08 — 


N(Me),* 


oe) 472 2 1 


5 64 3 = 3 
> bs, mc. oon |—> CH,.CH,.COOH + CH,.COOH 


Scheme 4. Degradation of laevulinic acid. 
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RESULTS AND DISCUSSION 


The results shown in Table 1 demonstrate that 
[24C] from [Me-C]acetate is distributed along the 
whole skeleton of squalene and hence the bio- 
synthesis of the whole molecule can be inferred. In 
detail it can be seen that carbons w, w’ and y of the 
isoprenoid units are derived from the methyl- 
carbon of acetate to an equal extent, since the 
specific activities of these carbon atoms sampled 
from different parts of the molecule were equal 
within experimental error. The slight but definite 
labelling of carbons x and z may be attributed to the 
formation of carboxy]-labelled acetate from[Me-'C}]- 
acetate via the citric acid cycle before the formation 
of the isoprenoid units. A similar shift in the 
labelling of acetate carbons was found previously in 
cholesterol formed from [Me-C]acetate (Cornforth 
et al. 19536). 

Although our results are in harmony with the 
distribution of acetate carbons in the isoprenoid 
units as postulated by Bonner & Arreguin (1949), 
nevertheless, alternative reaction mechanisms may 
exist which would give similar results. In particular 
these authors assumed the decarboxylation of 
acetoacetic acid before its condensation with 
another molecule of acetate (cf. Scheme 1). 


It is now known that the ‘active’ form of acetate 
is acetyl-coenzyme A (Lynen, Reichert & Rueff, 
1951) and that the acetoacetic acid formed from the 
condensation of 2 molecules of active acetate 
appears also as a coenzyme A derivative (Lynen, 
Wessely, Wieland & Rueff, 1952; Stern, Coon & del 
Campillo, 1953; Beinert, 1953). It does not seem 
improbable that the biosynthesis of isoprenoid 
units proceeds by the reaction of acetoacetyl-CoA 
with acetyl-CoA, particularly since Brady & Gurin 
(1951) demonstrated the utilization of acetoacetate 
for cholesterol synthesis by liver slices. The recent 
observations by Klein & Lipmann (1953a, b) and by 
Boyd (1953) also suggest a dependence of biosyn- 
thesis of ergosterol and of cholesterol on the co- 
enzyme A content of cells. According to some 
unpublished experiments of Langdon, quoted by 
Bloch (1954), unlabelled 8-hydroxy-8-methylglu- 
taric acid, when added to rat liver ‘homogenates’ 


(cf. Bucher, 1953), depressed the incorporation of ’ 


14C from [!4C]acetate into cholesterol. This observa- 
tion could be interpreted to indicate the utilization 
of this dicarboxylic acid for the formation of iso- 
prenoid units and of cholesterol and hence causing 
a ‘dilution’ of the labelled intermediates formed 
from ['C]acetate. Bloch (1954) suggests that 
B-hydroxy-8-methylglutaric acid may arise by the 


Table 1. Specific activity of the carbons of [14C]squalene biosynthesized from [Me-'C]acetate 


Squalene 


Acetone 
Acetone methyl 
Acetone carbonyl 
Succiniec acid 
Succinic carboxyls 
Succinic methylenes 


Laevulinic acid 


y-Aminopentanoic acid 
(from laevulinic acid) 

Laevulinic carboxyl 

Laevulinic « 

Laevulinic B 

Laevulinic y (carbonyl-C) 

Laevulinic 6 


Carbon atoms of squalene 


isoprenoid units* Counts/min./mg. C 
All 2160 


(w, x, w’)-(1, 1’) 2480 
(w, w’)-(1, 1’) 3560 
(x)-(1, 1’) 340 
(y, z)-(3, 3’) 1758 
(y)-(3, 3’) 3400 
(2)-(3, 3’) 368 
(w’, x, w)-(2, 3, 2’, 3’)- 2260 
(z, y)-(1, 2, i 2’) 
(w’, x, w)-(2, 3, 2’, 3’)- 
(z, y)-(1, 2, 1’, 2’) 
(y)-(1, 2, 1’, 2” 
(z)-(1, 2, 1’, 2’) 
(w)-(2, 3, 2’, 3’) 
(x)-(2, 3, 2’, 3’) 
(w’)-(2, 3, 2’, 3’) 


2260 


3660 
224 
3605 
234 


* The notation of Klyne (1954) has been adopted to denote the carbon atoms of the isoprenoid units; the key to this 
notation is given by the schematic formula of squalene at the bottom of the table. The letters (w, w’, x, y, z) in col. 2 
denote the carbon atoms in the isoprenoid unit, and the numerals the numbering of such units from which the particular 
carbon atoms were derived. 

The full circles in the formula indicate carbon atoms derived from the methyl carbon of acetate. 
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condensation of one mole of acetoacetate with one 
mole of acetate and that its decarboxylation would 
yield a branched five-carbon compound. This 
reaction might be looked upon as analogous to the 
formation of citrate from oxaloacetate and acetate. 
It is of interest to note that B-hydroxy-8-methyl- 
glutaric acid could give B8-dimethylacrylic acid by 
a dehydration—decarboxylation reaction in which 
the Ogston (1948) effect might operate to secure the 
elimination of a particular carboxyl-group—either 
that originating from acetoacetic acid or that 
derived from the third acetic acid molecule (Scheme 
5). It is seen that if the biosynthetic process is 
being studied with [!4C]-labelled acetic acid, the 
distribution of [!4C] in the isoprenoid units formed 
by either of the above mechanisms would be the 
same. Likewise the evidence available does not 
determine whether the superfluous carboxyl is 
eliminated before or after the condensation of 
successive isoprenoid units. 


cH CH, CH, 
CO +CH,.COOX’—> HOC—CH,—C00X’ —>C=CH—COOx’ 


CH, H, CH, 


coox 


CH 
coox 


Scheme 5. Possible mechanisms for the formation of iso- 
prenoid units from acetoacetic and acetic acids. 


Although the inference from in vitro experiments 
reported recently was that squalene itself is not an 
obligatory intermediate in the biosynthesis of 
cholesterol (Popjak, 1954), it appears to us that the 
formation of this hydrocarbon might serve con- 
veniently as a model for the study of some parts of 
the more difficult problem of the biosynthesis of 
cholesterol, since the distribution of isotopic carbon 
in squalene may be examined much more easily than 
in the sterol. 


SUMMARY 


1. [*C]Squalene biosynthesized from [Me-14C}- 
acetate by liver mince was degraded by oxidative 
ozonolysis to acetone, succinic acid and laevulinic 
acid. The carbon-by-carbon degradation of these 
three fragments was completed. 

2. The results showed that the entire carbon 
skeleton of squalene was formed from acetate and 
that carbons w, w’ and y (according to the notation of 
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Klyne, 1954) of the isoprenoid units are derived 
from the methyl carbon of acetate. By inference it is 


. suggested that carbons x and z originate from the 


carboxyl-carbon of acetate. 

3. Possible mechanisms for the formation of 
isoprenoid units from acetate and the relationship 
between the biosynthesis of squalene and cholesterol 
are discussed. 


We wish to thank Professor A. Wormall for his generous 
gift of squalene and Dr R. K. Callow for infrared spectro- 
scopy of the squalene. Miss Mary O’Donnell provided 
skilful technical assistance. 
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Studies on the Oxidation of Gluconate by Animal Tissues 
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(Received 24 February 1954) 


The direct oxidation of glucose in animal tissue was 
first studied by Harrison (1931), who discovered an 
enzyme present in liver which was able to oxidize 
glucose to gluconic acid without previous phos- 
phorylation. This dehydrogenase was later shown to 
be active with either diphosphopyridine nucleotide 
(DPN) (Andersson, 1934), or triphosphopyridine 
nucleotide (TPN) (Euler, Adler, Schlenk & Giinther, 
1935), and this activity with both coenzymes has 
recently been confirmed using a purified prepara- 
tion of the enzyme (Strecker & Korkes, 1952). The 
primary oxidation product of glucose has now been 
identified as gluconolactone, the hydrolysis of the 
latter to gluconic acid being non-enzymic (Strecker 
& Korkes, 1952). 

The further metabolism of gluconic acid has been 
studied mainly in intact animals. Stetten & 
Stetten (1950) showed that when rats were injected 
with 4C-labelled sodium gluconate, approximately 
57% of the administered ##C was excreted in the 
urine and 14% appeared in the expired CO,. This, 
as well as the presence of some isotope both in the 
liver glycogen and the liver nucleic acids, shows 
that gluconate can be fairly readily oxidized in 
vivo. It therefore seemed of interest to determine 
which tissues of the body break down gluconate, 
and to study the products of its metabolism. 


MATERIALS AND METHODS 


Calcium v-gluconate, D-ribose, D-arabinose, D-arabo- 
ascorbic acid, D-gluconolactone, D-glucuronolactone. These 
were commercial products. 

Calcium 2-ox0-D-gluconate. This was a gift to Professor 
Dickens from Dr P. P. Regna of Chas. Pfizer, New York. 

Sodium 5-ox0-D-gluconate. This was kindly supplied by 
Dr J. De Ley. 

Potassium p-arabonate (m.p. 215°) and potassium v- 
ribonate (m.p. 187°). These were prepared from D-arabinose 
and D-ribose respectively by hypoiodite oxidation according 
to Moore & Link (1940). 

Ribulose. An aqueous solution of ribulose was prepared 
by the method of Hassid, Doudoroff, Barker & Dore (1946). 

Glycolaldehyde (m.p. 95-97°). This was prepared from 
dihydroxymaleic acid according to Fischer & Taube (1927). 

Adenosine triphosphate (ATP). A solution of the sodium 
salt was made by dissolving the barium salt (Boots Pure 
Drug Co., Ltd.) in the minimum amount of n-HCl, pre- 
cipitating the Ba?+ with Na,SO, and neutralizing. 

Diphosphopyridine nucleotide. This was purchased from 
Nutritional Biochemicals Inc. Enzymic analysis (see below) 
showed that it contained 35-8% DPN and 0:7% TPN. 


Triphosphopyridine nucleotide. This was prepared from 
acetone-dried ox liver (Boots Pure Drug Co., Ltd.) by the 
method kindly communicated to us by Dr C. Liébecq in 
1949, and described by Dickens & Glock (1951). (Found: 
23-4% TPN, 11% DPN.) 

N-Methylphenazinium methyl sulphate (m.p. 166-168). 
This was prepared from phenazine by the method of 
Hillemann (1938). 

Zwischenferment (Glucose 6-phosphate dehydrogenase). 
This was prepared from Léwenbrau (Munich) bottom lager 
yeast according to LePage & Mueller (1949). 

Lactic dehydrogenase (semi-purified). This was prepared 
from pig heart by the method of Straub (1940) as modified 
by Slater (1950). 

[4C]Glucose. 2yuco of uniformly labelled [**C]glucose 
obtained from the Radiochemical Centre, Amersham, 
Bucks, were diluted to 2 g. with inactive glucose. 

Potassium ['C]gluconate (m.p. 180°). This was prepared 
by hypoiodite oxidation of [*C]glucose according to the 
method of Moore & Link (1940). The total carbon content of 
a sample of the potassium gluconate was determined by the 
Van Slyke & Folch (1940) wet-oxidation method. (Found: 
C, 30-7 %; calc. for C,H,,0,K: C, 30-77 %.) 

Analysis of DPN and TPN. The reduced forms of DPN 
and TPN were determined spectrophotometrically at 
340 mu. in the Hilger Uvispek (Hilger and Watts, London), 
using the extinction coefficients of Horecker & Kornberg 
(1948). DPN was determined by the method of Slater 
(1950) and TPN according to LePage & Mueller (1949). 

Total reducing sugar. This was determined by the method 
of Hagedorn & Jensen (1923), and expressed as glucose. The 
reducing power of the gluconate and 2-oxogluconate 
employed corresponded to less than 0-1 % of that of glucose. 

Estimation of seven-minute hydrolysable phosphate. The two 
terminal phosphate groups of ATP were estimated by 
hydrolysis for 7 min. in N-HCl at 100° and subsequent 
determinations of P were made by the method of Fiske & 
Subbarow (1925). 

Ribulose. This was estimated spectrophotometrically at 
540 mu. by the cysteine-carbazole method of Dische & 
Borenfreund (1951). 

Pentose. This was determined by the orcinol method of 
Mejbaum (1939) with a 45 min. heating period (Albaum & 
Umbreit, 1947). 

2-Oxogluconic acid. This was estimated by the o-pheny- 
lenediamine method of Lanning & Cohen (1951). 

Manometric measurements. Oxygen uptake and CO, 
evolution were measured by means of Warburg mano- 
meters at 37° with O, as the gas phase. Tissue slices of thick- 
ness below 0-5mm. were suspended in Krebs—Ringer 
phosphate solution (Umbreit, Burris & Stauffer, 1949a) in 
the main part of the Warburg vessel, and the substrate was 
placed in the side arm. When-oxygen uptake was measured, 
the centre well contained 0-2 ml. 20% (w/v) KOH as CO,- 
absorbent. The direct method of Warburg was used for the 
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estimation of CO, and O, (Umbreit, Burris & Stauffer, 
19496) and approximately equal weights of tissue were 
placed in each of the two manometer cups. As it was 


| desired to measure the pH of the solution at the end of the 


experiment, the customary acidification to determine the 
bound CO, was omitted. This was thought justifiable, since 
separate experiments showed that the bound CO, amounted 
to only 6% of the total CO, produced when kidney slices 
were used, and the final pH was 7-2. The effect of this small 
correction does not appreciably affect the conclusions 
drawn from these experiments. 

Preparation of homogenates. The media used were 0-01M 
sodium phosphate buffer, pH 7-4, and 0-9% (w/v) NaCl or 
KCl, all cooled to 0° for the homogenizing. The kidneys were 
quickly dissected, and homogenized for 3 min. in 5 vol. of 
one of the above media in a Potter-Elvehjem glass homo- 
genizer cooled with ice. When NaCl or KCl was used, the 
pH was maintained at neutrality by the addition of dilute 
NaOH solution. For some experiments the homogenate 
was dialysed overnight against large volumes of distilled 
water at 4°. 

Paper chromatography. This was carried out by the de- 
scending method ; the solvent was prepared by shaking equal 
volumes of butanol and water with formic acid (400 ml. 
butanol, 400 ml. water, 37 ml. formic acid) to give a 2N 
solution of the acid in the aqueous phase (Lugg & Overell, 
1948). Whatman no. | filter paper was used. After being 
equilibrated with the aqueous stationary phase for 8 hr., 
the chromatogram was developed for 15 hr. The paper was 
dried at room temperature and then sprayed with a solution 
of aniline hydrogen phthalate in butanol (Partridge, 1949), 
which gives a pink colour with pentoses and 2-oxogluconate 
and brown with glucose. After being sprayed, the paper was 
partly dried in air and then in an oven at 100° for 5-10 min. 
2yg. of sugar could be detected in this way. As an alter- 
native solvent, a mixture of butanol—water-ethanol 
(400:190:110, v/v/v) was used (Hough, Jones & Wadman, 
1950). 

Measurement of *CO,. The KOH in the centre well of the 
Warburg flasks, together with washings (4 x 0-2 ml. CO,- 
free water) was transferred quantitatively by means of a 
syringe to a small gas generator attached to a high-vacuum 
apparatus. The total CO, present was liberated by the 
addition of 2-3 ml. acid consisting of 80% (v/v) concen- 


| trated H,SO, and 20% (v/v) fuming H,SO, (Calvin, 


Heidelberger, Reid, Tolbert & Yankwich, 1949), freed from 
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water by a solid CO,-ethanol trap, and condensed for 
volume measurement in a McLeod gauge with liquid 
nitrogen. The KOH solution used in these experiments gave 
a zero blank for CO,. The activity of the CO, samples was 
determined in standard gas counters with graphite cathodes 
(1 in. diameter, 100 ml. capacity) supplied by Twentieth 
Century Electronics, Dunbar Works, S.E. 27. The counting 
mixture of Brown & Miller (1947) was used (pressure in cm. 
Hg: 20 cm. CO, and 2 cm. CS,) together with an operating 
voltage of 3200-3500 v. The quench unit was a modified 
Neher Harper circuit. 


RESULTS 


Oxygen uptake of tissue slices in presence of sodium 
gluconate and sodium 2-oxogluconate 


The oxygen uptake of rat tissue slices was measured 
manometrically by the Warburg technique. Table 1 
shows that kidney is the only tissue among those 
studied which gives an increase in O, consumption 
when incubated with either gluconate or 2-oxo- 
gluconate, 3-8 and 2-6umoles of extra O,/ mole 
added substrate respectively being taken up in 
6 hr. The effect of varying substrate concentrations 
on the O, uptake was investigated, but no increase 
could be demonstrated with increasing amounts of 
substrate. With liver slices, 2umoles O,/y»mole 
gluconate initially present were taken up, but there 
was no increased oxygen consumption in the 
presence of 2-oxogluconate. Neither brain nor 
mouse sarcoma 37 gave an appreciable increase in 
O, consumption with gluconate. 

Fig. 1 illustrates the oxygen uptake of kidney 
slices in the presence of gluconate and 2-oxo- 
gluconate, compared with that of the control with- 
out substrate. It is unlikely that appreciable 
bacterial contamination occurred, as the values of 
O, uptake are proportional to the times of incuba- 
tion (Fig. 1). The increases varied greatly from one 
sample of kidney to another, but the differences 
could not be accounted for by the season of the year 
or state of nutrition of the animals. 


Table 1. Oxygen uptake with sodium gluconate and sodium 2-oxogluconate as substrate 


Tissue slices, 70 mg. moist wt.; 1-8 ml. Krebs-Ringer phosphate, pH 7-4; 0-2 ml. 0-02M substrate; 0-2 ml. 20% (w/v) 


KOH in centre well; gas phase O,, temp. 37°. 


Substrate (0-002M) 


Na gluconate 
Control 

Na 2-oxogluconate 
Control 


Na gluconate 
Control 

Na 2-oxogluconate 
Control 


Tissue 
Rat kidney cortex 


Rat liver 


Na gluconate 
Control 

Na 2-oxogluconate 
Control 


Rat brain cortex 


heme = pes 9D, 
pl. O,/6 hr. (ul. Oz) pmole substrate 
1218 se ; 
376} 342 3:8 
905 s Z 
667} 238 2-6 
306 = A 
151 155 2-0 
166 " is 
151 15 0-17 
99) 
90} 9 0-1 
211) 2 
192} 19 0-21 
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The following experiments were performed in 
order to determine whether 2-oxogluconate, which 
has been shown to be an intermediate product in 
the oxidation of gluconate by both Pseudomonas 
fluorescens (Entner & Stanier, 1951) and Aerobacter 
sp. (De Ley & Cornut, 1951), is also formed from 
gluconate by kidney slices. When kidney slices 
were incubated with arsenite, which is known to 
inhibit the oxidation of several «-keto acids (Krebs, 
1933), the O, uptake in the presence of gluconate 
was no greater than that of the control without 
substrate. After incubation at 37° for 1 hr., the 
contents of the vessels were deproteinized with 
perchloric acid, but no 2-oxogluconate (as deter- 
mined spectrophotometrically with o-phenylene- 
diamine by the method of Lanning & Cohen, 1951) 
could be detected in the filtrate. Sodium bisulphite 
and hydroxylamine were also tried as trapping 
agents for 2-oxogluconate. The oxygen uptake of 
kidney slices, both in the presence and absence of 
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Fig. 1. Oxygen uptake of rat kidney cortex slices in 
presence of sodium gluconate and sodium 2-oxogluconate. 
x— x, sodium gluconate; @—@, sodium 2-oxogluco- 
nate; O—O, control without substrate. Tissue slices, 
70mg. moist wt.; 1-8ml. Krebs-Ringer phosphate, 
pH 7-4; 0-2 ml. 0-02m substrate; 0-2 ml. 20% (w/v) 

KOH in centre well; gas phase O,, temp. 37°. 





2-oxogluconate (2-OG) content of the filtrate was estimated. 
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Table 2. Disappearance of 2-oxogluconate 


Rat kidney cortex slices; 1-8 ml. Krebs-Ringer phosphate, pH 7-4; 0-2 ml. 0-02m sodium 2-oxogluconate; 0-2 ml. 
20% (w/v) KOH in centre well; gas phase O,, temp. 37°. After 6 hr., 2 ml. 10% (w/v) perchloric acid were added and the 


pmoles 2-OG pmoles 2-OG 
originally ——_— 
present 0 hr. 6 hr. 
4-0 3-96 3-78 
0-0 0 0 
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substrate, was greatly diminished by both these | 
reagents. At the end of the experiments, the con- i 
tents of the flasks were deproteinized with perchloric 
acid, and the protein-free filtrates were treated with 
o-phenylenediamine as above. The filtrates from the 
flasks to which bisulphite had been added were first 
treated with alkali to decompose any bisulphite 
addition compound which might have been formed, 
Again no 2-oxogluconate could be detected. 


Disappearance of 2-oxogluconate 

Rat kidney cortex slices were suspended in Krebs- 
Ringer phosphate at pH 7-4 in presence of sodium 
2-oxogluconate, as before. Oxygen uptake was 
measured for 6 hr. The contents of the vessels were 
then deproteinized by addition of 2 ml. 10% (w/v) 
perchloric acid, 2 ml. of the filtrate were neutralized 
with n-NaOH, and oxogluconate was estimated 
according to Lanning & Cohen (1951). Although 
some 2-oxogluconate seemed to have disappeared 
in this time, the amount was too small for accurate 
measurement (Table 2). 


Substrates other than gluconate 
and 2-oxogluconate 


The only other experiments on the metabolism 
of gluconate by animal tissues which have been 
reported were carried out with the intact animal, 
and nothing is known of the intermediate products. 
The following compounds were therefore incubated 
with kidney slices: sodium 5-oxogluconate, glu- 
curonolactone, potassium saccharate, D-arabo- 
ascorbic acid, D-ribose, D-arabinose, sodium D- 
ribonate, sodium D-arabonate, glycolaldehyde and 
D-ribulose. In all cases the increase in oxygen 
consumption above that of the blanks was negligible, 
providing no evidence that any of them is an inter- 
mediate in the metabolism of gluconate by kidney 
slices. 


Production of carbon dioxide and test for other 
possible metabolic products 


Carbon dioxide output and O, uptake were 
measured manometrically by the direct method 
(Umbreit et al. 19496). The figures in Table 3 indi- 
cate an appreciable increase of CO, output in 
presence of both substrates, 4 moles of extra co, 
being found/pmole of gluconate and 2-5 umoles 
CO,/pmole 2-oxogluconate added. 





pmoles 2-OG 
disappeared pl. O,/mg. 
in 6 hr. ary wt./6 hr. 
9-18 78-0 


60-0 
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Paper chromatography was employed in an 
attempt to identify any metabolites formed from 
the substrates. 0-5 ml. 0-02m sodium gluconate or 
sodium 2-oxogluconate was incubated with kidney 
slices in Krebs—Ringer phosphate solution in the 
usual way, with O, as the gas phase. After shaking 
in Warburg vessels for various periods 1 ml. 20% 
(w/v) perchloric acid was added to precipitate the 
protein and 0-2-0-5 ml. of the filtrate was applied to 
the paper. After developing as described under 
Methods, using either butanol—water—formic acid 
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or butanol—water-ethanol as solvents and spraying 
with aniline hydrogen phthalate, and comparing the 
chromatogram with one from a control experiment 
without substrate, nometabolite could berecognized. 
Standard sugars applied to the same chromatogram 
for comparison of R, values gave satisfactory spots. 

No pentose formation could be detected in the 
deproteinized filtrate by the orcinol method of 
Mejbaum (1939), nor could any other metabolite be 
found by the cysteine—carbazole reaction (Dische & 
Borenfreund, 1951). 


Table 3. Oxgen uptake and carbon dioxide output of kidney slices in presence of gluconate and 2-oxogluconate 


Rat kidney cortex slices approximately 70 mg. moist wt.; 1-8 ml. Krebs-Ringer phosphate, pH 7-4; 0-2 ml. 0-02m 
substrate; +0-2 ml. 20% (w/v) KOH in centre well; gas phase O,, temp. 37°. 


Increase pmoles O,/ Increase pmoles CO,/pmoles 
Substrate pl. O,/6 hr. (ul. O,) moles substrate pl. CO,/6 hr.* (ul. CO.) substrate added 
Na gluconate 1090) a 710) 
Control 621} = . 369 aes ‘ 
Na 2-oxogluconate 879 4 635 4 an 
Control 619} ™ . 301} - - 


* The low R.Q. may be partly due to the bound CO, held by the phosphate buffer as described in the experimental 


section. 


Table 4. “CO, output by various tissues in the presence of labelled glucose and gluconate 


Tissue slices, approximately 70 mg. wet wt.; 1-8 ml. Krebs-Ringer phosphate, pH 7-4; 0-2 ml. 0-02M substrate, i.e. 
4pumoles; 0-2 ml. 20% (w/v) KOH in centre well; gas phase O,, temp. 37°. Incubated 4 hr. The glucose and gluconate 
(added as K salt) gave 10975 and 4663 counts/min. respectively, except in experiments marked (1) and (2), where the 


values were 8836 and 4457 counts/min. respectively. 


Proportion of 


Activity 4CO, from Total total respiration 
of CO, substrate co, due to substrate 

Tissue Substrate (counts/min.) (ul.) (ul.) (% 

Rat kidney cortex Glucose (1) 2370 144 869 16-6 

Gluconate (2) 194 23-4 949 2-5 

Control — — 718 — 

Rat kidney medulla Glucose 3141 154 744 20-7 

Gluconate 84 9-1 456 2-0 

Control — — 503 — 

Rat brain cortex Glucose 4320 212 477 44-5 
Gluconate 0 0 410 0 

Control = a 322 — 

Rat spleen Glucose 1261 62 374 16-7 
Gluconate 0 0 380 0 

Control — — 385 — 

Rat adrenals Glucose 118 5-8 94 6-2 
Gluconate 0 0 90 0 

Rat liver Glucose 51 3-6 400 1-0 
Gluconate 0 0 389 0 

Rat diaphragm Glucose 34 1-7 82 2-0 
Gluconate 0 0 49 0 

Rat leg muscle Glucose 26 1-2 114 1-0 
Gluconate 0 0 — 0 

Rabbit kidney cortex Gluconate (2) 132 15-9 722 2-2 
Rabbit liver Gluconate (2) 0 0 a 0 

Mouse sarcoma 37 Glucose 167 2 537 15-3 

Gluconate 43 5-0 492 1-0 

Control — — -— 
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Homogenates 


Dehydrogenase activity. Kidney homogenates, 
prepared as described under methods, were dialysed 
against large volumes of distilled water at 4° over- 
night; undialysed preparations were unsuitable 
owing to high blanks. The rates of O, uptake were 
determined by incubating the homogenate in the 
presence of phosphate buffer, coenzyme, substrate 
and hydrogen carrier in Warburg vessels. No O, 
uptake above the blank was obtained, however, on 
the addition of TPN, DPN or other hydrogen 
acceptors, such as cytochrome c, methylene blue 
and N-methylphenazinium methyl sulphate. The 
results were similar when homogenates in water, 
KCl or phosphate buffer were employed. 

Gluconokinase activity. The method of Colowick & 
Kalckar (1943) was used in order to determine 
whether gluconate is phosphorylated, as was shown 
by Cohen & McNair Scott (1950) to take place in 
extracts of Escherichia coli. The method is based on 
the liberation of CO, from bicarbonate, due to the 
formation of an extra acidic group on transfer of 
phosphate from ATP. Although an active gluco- 
kinase was present in the kidney preparation, no 
phosphorylation of gluconate was detectable. This 
was confirmed by measuring the disappearance of 
easily hydrolysable phosphate when a homogenate 
was incubated with substrate and ATP in the 
presence of magnesium ions and fluoride, the latter 
inhibiting adenosine triphosphatase. The decrease 
in 7min. hydrolysable phosphate was used to 
measure the extent of phosphorylation. No phos- 
phorylation of gluconate had occurred. It can be 
concluded from these and the previous results that 
there was no gluconokinase activity in this tissue 
dispersion. : 


Isotopically labelled substrates 


Uniformly labelled [*#C]glucose and gluconate 
were incubated with tissue slices in Warburg 
vessels, as usual. After deproteinizing, ™CO,, 
which had been absorbed by the KOH in the centre 
well, was measured as described (see Methods). 
Table 4 shows that of the normal tissues tested, 
kidney is the only one which is reasonably active in 
metabolizing gluconate. There was, however, some 
slight decarboxylation of gluconate by mouse 
sarcoma 37, 1% of the total respiratory CO, being 
14CO, derived from the labelled substrates. 

When labelled glucose and gluconate were incu- 
bated with kidney homogenate, no decarboxylation 
of gluconate could be detected, and similar results 
were obtained with homogenates prepared as 
described under Methods and fortified with ATP, 
cytochrome c, sodium succinate and magnesium 
ions. 
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DISCUSSION 


The most probable pathways of gluconate break. 
down are: (1) phosphorylation to 6-phosphogluco. 
nate, and the further metabolism of the latter via 
the hexose monophosphate ‘shunt’, or (2) direct 
non-phosphorylative oxidation, possibly to 2- or 
3-oxogluconate, the former compound having 
been shown to be formed in Pseudomonas fluorescens 
(Entner & Stanier, 1951), followed by decarboxy-. 
lation of the keto acid to pentose. As no phosphory- 
lation of gluconate could be demonstrated in 
kidney homogenates, it is unlikely that further 
oxidation occurs via the hexose monophosphate 
‘shunt’, at least in the homogenized tissue. So far, 
no direct evidence has been obtained for the meta- 
bolism of gluconate in animal tissues by direct 
non-phosphorylative oxidation, as no intermediate 
products have been identified. 

The experiments with labelled gluconate, de- 
scribed above, have shown that rat kidney is the 
only one of the normal tissues used which is able to 
metabolize added gluconate to a measurable 
extent, although the rate of oxidation is only about 
one-sixth of that of glucose. It can be concluded 
that the direct oxidative pathway of gluconate 
breakdown plays a very small role in the metabolism 
of the rat. 

Stetten & Stetten (1950) and Stetten & Topper 
(1953) report a much more extensive carbon dioxide 
output from injected gluconate in the rat than can 
be accounted for by the above figures. They have 
obtained evidence supporting a fairly extensive 
conversion of gluconate into glucose in the whole 
animal, however, and it is possible that under their 
conditions this pathway may account for the large 
metabolism of gluconate which they observed. 


SUMMARY 


1. The oxygen uptake of various tissue slices in 
the presence of gluconate and 2-oxogluconate was 
measured. Kidney was found to be the only one of 
the tissues studied where an appreciable oxidation of 
both substrates was observed. 

2. No 2-oxogluconate could be detected as an 
intermediate product of gluconate oxidation in 
kidney slices. 

3. Decarboxylation of both gluconate and 2- 
oxogluconate by kidney slices was found to occur, 
with simultaneous increase of the oxygen uptake. 
The formation of carbon dioxide from gluconate in 
this tissue was confirmed with “C-labelled gluco- 
nate. The amount of gluconate oxidized was only 
about one-sixth of the glucose oxidized. 

4. No oxidation of gluconate was observed with 
kidney homogenates in the presence of coenzymes 
and hydrogen carriers. 
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5. No phosphorylation of gluconate by kidney 
homogenate could be detected under conditions 
where glucose was readily phosphorylated. 


I would like to thank Professor F. Dickens, F.R.S., for his 
constant interest and advice and Dr J. G. Bennette for 
providing the mouse sarcoma. 
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The Carotenoids of the Petals of Two Species of Tecoma 


By M. M. TAHA 
Department of Biochemistry, Faculty of Medicine, Alexandria 


(Received 29 April 1954) 


Two species of the tropical T’ecoma trees, belonging 
to the Bignoniaceae family, carry flowers of different 
colour. Those of 7’. stans are yellow, whilst those of 
T. capensis are deep red. Such variation in colour 
between two species of the same botanical family 
stimulated the study of the distribution of their 
carotenoid pigments, especially as no flowers of 
other members of the Bignoniaceae have been 
previously investigated, although Zechmeister & 
Sandoval (1945) demonstrated the presence of the 
colourless polyene phytofluene in species of 
Bignonia. 
METHODS 


Extraction of pigments. Freshly collected flowers (50 g.) 
were chopped with a sharp knife and heated with ethanolic 
KOH (300 ml., 10%, w/v) for 10 min. at 70° and then left 
overnight under N, at room temperature. The pigments were 


extracted according to the method of Goodwin & Taha 
(1950) and dissolved in light petroleum (except where 
otherwise stated light petroleum b.p. 40-60° was used). 
Sometimes a few drops of ethanol were added before the 
light petroleum to facilitate the dissolution of xanthophylls. 
After standing overnight under N, in the refrigerator, the 
extract was filtered from a white residue, and examined as 
described below. 

Fractionation of pigments. The pigments were separated 
into epiphasic and hypophasic fractions by partition 
between light petroleum and 90% (v/v) aqueous methanol, 
and each fraction was chromatographed separately. The 
monohydroxy carotenoids were assumed to be in the 
epiphasic fraction. 

Chromatography. The pigments were separated on columns 
of either activated alumina (British Drug Houses Ltd.) or 
alumina deactivated by the method of Goodwin & Taha 
(1950). Alumina was also weakened by making a paste of it 
with ethanol and spreading out the paste in layers about an 
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inch thick in wide porcelain dishes. These were dried in the 
oven at 60°, with thorough mixing at intervals, until a faint 
odour of ethanol remained in the powder. 

Identification of pigments. The criteria used for identifying 
the pigments were spectroscopic examination, mixed 
chromatography, relative adsorptive power and phase test. 

Quantitative determination. Each pigment fraction was 
dissolved in a known volume of light petroleum, and the 
extinction of the solution was measured at its wavelength of 
maximal absorption. The amount of the pigment was then 
calculated by using its H}%, A,,,x, as reported by Goodwin 
(1952a). In the case of the pigment assumed to be rubi- 
xanthin-like, H}%, for y-carotene was applied, since the 
absorption spectra of both pigments are similar. 





RESULTS 


Tecoma stans 


Epiphasic fraction. This showed on chromato- 
graphy a single orange band, which after purifica- 
tion exhibited absorption maxima at 428, 452 and 
480 mu. in light petroleum, identical with those of 
B-carotene; this was proved to be B-carotene by the 
mixed chromatogram test. 

The hypophasic fraction. A single strongly 
adsorbed broad yellow band was obtained from this 
fraction. It showed an absorption curve almost the 
same as that of zeaxanthin with ,,,, 424, 447 and 
473 mp. A mixture of this pigment and an authentic 
preparation of zeaxanthin obtained from Zea mays 
could not be separated chromatographically. 

The concentration of total carotenoids was 
12-6 mg./100 g. fresh flowers, and of this 1-8 mg. 
were epiphasic and 10-8 mg. hypophasic. Zeaxan- 
thin is thus the more abundant pigment present in 
T. stans. 

Tecoma capensis 

Epiphasic fraction. Using a column of active 
alumina, four coloured zones were separated; in 
addition to these, a small amount of the colourless 
polyene phytofluene was found in the colourless 
eluate running just before the least strongly 
adsorbed pigment. It was identified as phytofluene 
by its blue-green fluorescence in u.v. light and 
absorption maxima at 330, 348 and 368 mu. in light 
petroleum. This colourless polyene was absent from 
T. stans. 

Pigment 1. (The least strongly adsorbed band.) 
This pigment, which occurred in small amounts, 
showed maxima at 428, 452 and 480 mu. in light 
petroleum, and was identified as B-carotene in the 
manner described for 7’. stans. 

Pigment 2. This red pigment, found in greater 
amounts than f-carotene, was separated from 
pigment 3, with which it was closely associated on 
the column, by using a developer of light petroleum 
containing 5% (v/v) diethyl ether. After purifica- 
tion by repeated chromatography, it showed 
absorption maxima at 438, 464 and 494 mu. in light 
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petroleum, identical with those of y-carotene. This 
was not confirmed further, because the unique 
spectrum of y-carotene together with its adsorptive 
power renders it unmistakable. 

Pigment 3. This red pigment, which formed 
a larger band than that of y-carotene, was identified 
as lycopene in three ways: (a) by the shape of its 
absorption curve in light petroleum with maxima at 
447, 474 and 506 muz., which was identical with that 
of pure lycopene; (b) by its characteristic red colour 
on the column and its position above both y- 
carotene and f-carotene; (c) by a mixed chromato- 
gram with an authentic preparation of lycopene 
obtained from fresh tomatoes. 

Pigment 4. (The most strongly adsorbed zone.) 
On partition between light petroleum and 95% 
(v/v) aqueous methanol, this deep orange pigment 
remained epiphasic, but with 97% (v/v) aqueous 
methanol it distributed itself between both layers, 
an indication that it possessed one OH group; its 
location on the chromatogram above lycopene 
supported this view. When, however, its absorption 
maxima (434, 462 and 490 mx. in light petroleum 
b.p. 70-80°) were compared with those of the mono- 
hydroxy carotenoids, cryptoxanthin, lycoxanthin 
and rubixanthin, they corresponded most closely to 
those of rubixanthin. Its absorption spectrum 
(Fig. 1), which was unchanged by repeated chro- 
matography of the pigment, was much less well 
defined than that of y-carotene, from which that of 
rubixanthin is said to be indistinguishable (see 
Goodwin, 19526). This rubixanthin-like pigment 
may not be the same as the original rubixanthin of 
Kuhn & Grundmann (1934). Goodwin (1954) has 
recently found a similar pigment in the petals of 
Calendula officinalis. 
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Fig. 1. The absorption spectra of the rubixanthin-like 
pigment, - - -, and of y-carotene, —, in light petroleum. 
The concentrations of the two pigments were adjusted so 
that H,,,, was the same for each solution. 
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Table 1. The quantitative distribution of the caro- 
tenoids in the flowers of Tecoma capensis 


Amount 
Pigment (mg./100 g. fresh wt.) 
B-Carotene 2-2 
y-Carotene 43 
Lycopene 5-9 
Rubixanthin-like pigment 7:3 
Total epiphasic pigments 19-7 
Zeaxanthin 8-9 
Total pigments 28-6 


The hypophasic fraction. Zeaxanthin was the 
only pigment found. 

Quantitative experiment. The amounts of the 
pigments in 7’. capensis are given in Table 1. 


DISCUSSION 

Goodwin (1950, 19526) stated that flowers contain 
less carotenoids than the corresponding leaves, but 
that flower carotenoids are more specific to plant 
species than are leaf carotenoids. This appears to be 
true in the case of the petals of the two species of 
Tecoma investigated. Although the corresponding 
amounts of B-carotene and zeaxanthin in the two 
species do not differ appreciably, 7’. capensis petals 
contain much more of the red pigments lycopene and 
y-carotene and the deep orange rubixanthin-like 
pigment. This not only results in the total amount of 
carotenoids in 7’. capensis being 2-3 times that of 
T. stans, but alters the ratio of epiphasic to hypo- 
phasic pigments from 1:6 in 7. stans to 2-2:1 in 
T. capensis. 

Epoxyearotenoids are widely distributed in 
blossoms (Goodwin, 19526), but in the case of the 
two species of Tecoma none of these epoxides was 
detected; zeaxanthin was, however, found in 
abundance. The difference in colour between the 


| yellow flowers of 7’. stans and the red flowers of 7. 


ke 





capensis is due to the presence of lycopene, y- 
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carotene and the rubixanthin-like pigment in the 
latter. In C. officinalis the red varieties contain 
much more lycopene than the yellow varieties 
(Zechmeister & Cholnoky, 1932). 


SUMMARY 


1. The carotenoids of the flowers of two species 
of Tecoma, T. stans and T. capensis, have been 
investigated. 

2. Both species contain B-carotene and zeax- 
anthin, whilst 7’. capensis contains in addition y- 
carotene, lycopene, a rubixanthin-like pigment and 
a trace of the colourless polyene phytofluene. 

3. The concentration of carotenoids in the red 
flowers of T'. capensis and the yellow flowers of 
T. stans are 28-6 and 12-6 mg./100 g. fresh weight 
respectively. The corresponding ratios of epiphasic 
to hypophasic pigments in the two species are 
2-2:1 and 1:6. 


I wish to express my thanks to Dr T. W. Goodwin of the 
Biochemistry Department, Liverpool University, for his 
valuable advice, and to Professor A. Nasr and Dr Shokry I. 
Saad of the Botany Department, Faculty of Science, 
Alexandria, for their help in the identification of the 
Tecoma species and for the supply of the flowers of 7. 
capensis. I am also indebted to Professor B. Flaschentrager 
for his encouragement and supervision. 
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The Purification and Properties of Horse Liver Esterase 


By JANE BURCH * 
Department of Biochemistry, University of Cambridge, and Department of Biochemistry, University of Leeds* 


(Received 7 December 1953) 


When this work was begun in 1948 an extensive 
literature on the liver esterases existed, but very 
little purification had been carried out. It was 
known that esterase activity was not readily 
extracted from fresh liver, and prolonged autolysis 
(Bamann, Mukherjee & Vogel, 1934) or drying with 


* Present address. 


acetone followed by extraction of the powder with 
dilute alkali (Willstatter & Memmen, 1924) had been 
used to prepare active solutions. Many recorded 
observations on the esterases (reviewed by Ammon 
& Jaarma, 1950) seemed to be most readily ex- 
plained by the presence of two or more enzymes in 
the preparations; and more recent work has shown 
repeatedly that more than one enzyme hydrolysing 
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the same ester may occur in a single tissue (Adams 
& Whittaker, 1949; Whittaker, 1949). 

Purification was undertaken, starting with an 
acetone powder of horse liver, and a method ob- 
tained (and repeated several times) which gave a 
product with 140-fold greater activity per mg. 
nitrogen than the starting material. This prepara- 
tion was used by Boursnell & Webb (1949) in astudy 
of inhibition by dizsopropyl phosphorofluoridate. 

During the purification work, the crystallization 
of horse liver esterase was reported by Mohamed 
(1948); and after the present purification had been 
completed, a new esterase preparation from horse 
liver was published by Connors, Pihl, Dounce & 
Stotz (1950). The relationship between these pre- 
parations and the present material will be discussed. 

A method was required for following the hydro- 
lysis of esters by the purified enzyme. The mano- 
metric technique was unsuitable because of the 
presence of bicarbonate, found by Murray (1930) to 
inhibit liver esterase, and because large losses of 
volatile substrates occur while filling the mano- 
meters with gas. In the measurement of initial 
reaction rates at substrate concentrations of the 
order of the Michaelis constant, the method must be 
sensitive to the hydrolysis of very small concen- 
trations of ester. In the Warburg manometer, 1 yl. 
carbon dioxide corresponds to at least 10-'m acid 
produced in the reaction mixture, while the system 
described below can detect concentration incre- 
ments of less than 5 x 10-?m. The liberated acid is 
titrated continuously, using glass electrodes for 
pH control. Two principal modifications of previous 
methods (Glick, 1937; Sanz, 1944; Schiimmelfeder, 
1947) give substantial improvement in the effective 
sensitivity to acid concentration, and reduction in 
the necessary fluctuations of pH. Changes in 
electrode potential are detected with about 10 
times greater sensitivity than is possible with pH 
meters of ordinary pattern; and carbonic acid gain 
or loss by the reaction mixture is minimized by 
using a closed airtight vessel, which is set up empty 
and flushed out with carbon dioxide-free air before 
the reaction mixture is introduced. The use of a 
current of carbon dioxide-free gas to stir the mixture 
(Schiimmelfeder, 1947) gives a protracted loss of 
carbon dioxide even from boiled solutions (Edwards 
& Evans, 1937) and a serious loss of volatile sub- 
strates. 


METHODS 


Nitrogen estimations. These were made by the micro- 
Kjeldahl method, using about 1 mg. N (Chibnall, Rees & 
Williams, 1943). 

DL-f-Butyrolactone. Prepared according to Johansson 
(1916) from B-bromobutyric acid obtained by the addition of 
HBr to crotonic acid (Johansson, 1915). The b.p. of the 
lactone was 60° at 15 mm. (Johansson, 54-5-55° at 10 mm. 
and 71-73° at 29mm.). It contained less than 0-2% free 
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acid (calculated as hydroxybutyric) and its equivalent 
weight, determined by hydrolysis with NaOH and back 
titration of the excess alkali, was 86-7 (C,H,O, = 86-1). 





Esterase activities of stages in the enzyme purification, 
Esterase activity was determined by a variant of the much. | 


used continuous drop titration method with internal 
indicator (Willstatter, Kuhn, Lind & Memmen, 1927). Two 
boiling tubes, containing respectively reaction mixture and 
colour standard, were held in a water-bath at 20+0-5°, 
When the colours of the tubes matched the time was noted, 
and a drop of approximately 0-05 ml. of 0-01N-NaOH was 
added to the reaction mixture. Repetition of this process 
gave the progress curve of ester hydrolysis. Stock substrate 
solution: 0-4% (v/v) redistilled ethyl butyrate in water, 
Reaction mixture: 5-0 ml. stock substrate solution, 3 drops 
0-05m phosphate buffer pH 6-8, 10 drops 0-04% brom- 
thymol blue (made up as the sodium salt in water, without 
ethanol), enzyme and water to a total volume of 10 ml. 
Colour standard: 1-3 ml. 0-05m phosphate buffer pH 68, 
10 drops 0-04% bromthymol blue, 8-7 ml. water. 

Reactions were followed for about 15 drops, and the 
gradient of the linear part was taken as the reaction rate. 
Duplicate determinations agreed within about 5%, and the 
rate was proportional to the quantity of an enzyme pre- 
paration used. Rates between 0-7 and 2-5 drops/min. were 
employed, and 1 unit of esterase activity was defined as the 
amount giving a rate of 0-05 ml. 0-01 N-NaOH/min. That the 
substrate concentration employed gave the maximal rate 
was verified for stages H,, HZ, and E, in the purification. 
Murray (1930) had reported the inhibition of liver esterase 
by bicarbonate. All water used in the activity tests was 
therefore boiled to expel CO,. It was shown that bicarbon- 
ate concentrations which could be introduced into the 
reaction mixture by absorption of atmospheric CO, into 
enzyme preparations had no effect on the measured rate. 
Using stage H, of the enzyme purification, 1-0 x 10-*m- 
NaHCO, added to the reaction mixture was without effect, 
while 4-0 x 10-°m reduced the measured rate by 15%. 

Potentiometric titration apparatus (Fig. 1). Three vessels 
containing 50 ml. respectively of 3-5M-KCl solution, re- 
action mixture (A) and a reference buffer (B), are held-in 
a constant temperature bath which is filled with NaCl 
solution earthed through an Ag(l electrode and heated 
electrically by d.c. This provides adequate electrostatic 
screening. Salt bridges connect A and B to the KCI solution, 
which contains an earthed Ag(Cl electrode. There is a glass 
electrode (Cambridge Instrument Co.) in A and another in B, 
and a potentiometer is used simply as a null instrument to 
indicate when the potentials of the two are equal. Stand- 
ardized buffer of the pH at which the reaction is to occur is 
first put into vessel A, and the reference buffer in B is 
titrated to give zero p.d. between the glass electrodes. A is 
then filled with reaction mixture, to which alkali is added 
from a micrometer burette at a rate sufficient to maintain 
zero p.d. 

The circuit is shown in Fig. 1. The key K rests centrally, 
with the valve grid floating; K may be moved to connect 
the grid either to ¢, or ¢,. The potential divider C is adjusted 
to give zero microammeter deflexion with floating grid. 
The grid is connected to ¢, and potential divider D adjusted 
to give zero microammeter deflexion: the floating grid 
potential is thus made equal-to the potential of the glass 
electrode in reference buffer, to obtain minimum grid 
current. On connecting the grid to ¢,, a change in micro- 
ammeter reading indicates a p.d. between the electrodes. 
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6v 1-5Vv 


Fig. 1. Electrical circuit of potentiometric titration apparatus, with details of salt bridges. Resistances shown in ohms. 
Pentode EBL 31. ya, microammeter, central zero, full scale deflexion +50; g, glass electrode; j, liquid junction; 


S, silver chloride electrode. 


During the continual readings required in the titration 
process, C and D need be adjusted only occasionally, since 
small microammeter deflexions when the grid floats are 
unimportant, and the maximum maladjustment of D which 
may occur, before the resulting grid current introduces a 
detectable p.d. error, is readily determined for any pair of 
glass electrodes. 

The microammeter response to p.d. between #, and f, is 
5ya/mv; and the continual rapid readings of kinetic work 
can be made to 0-5, corresponding to 0-1 mv. The grid 
current is proportional to the difference between the grid 
potential and the floating grid potential, and is 10-1? a/mv. 
Since single glass electrode resistances have been found to 
be about 3 x 108Q, the minimum detectable e.m.f. change in 
the glass electrode is 0-08 mv, corresponding to 0-002 pH 
unit at 25°. Grid currents occurring during normal use of 
the apparatus cause no polarization effects in the electrodes. 
The speed of response of the microammeter is such that a p.d. 
reading takes about 3 sec. 

Adequate insulation of each part of the apparatus is 
essential. It may be tested directly, by using an ordinary 
dry battery to apply an e.m.f. of several volts with respect 
to earth, to each relevant part: e.g. to the bath liquid, the 
screening of the electrode leads and the metal clamps 
holding vessels, bridges and microburette. Any leakage 
pathway is then shown by a change in the potential reading 
of the terminal ¢, or f,. During use, all metal clamps and 
motor casings are earthed. 

The reaction vessel is a Pyrex glass tube (diameter 4 cm., 
length 12 cm.) closed by a rubber bung, through which glass 
electrode, salt bridge, stirrer, micrometer burette, anda tube 
admitting the air current enter by airtight joints. A further 
tube passing through the bung is closed with a small 
additional bung, and admits reaction mixture, enzyme, etc. 
The bridge and burette are removable, passing in through 
glass tubes to which they are sealed with rubber tubing. 


27 










_ Rubber bung 
of reaction 
vessel 

—— Guide-tube 


----- Rubber 


--—Cotton wool 


———Glass cup 


—---Mercury 


-—-—--Rubber bung 


Fig. 2. Mercury-sealed stirrer for reaction vessel. 


The stirrer shown in Fig. 2 eliminates contamination of 
the reaction mixture by drops of water from the space 
between guide-tube and stirrer. 
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A small electric pump passes air into the vessel, through 
a series consisting of a reservoir, a soda-lime tube, a vessel of 
phosphoric acid, and one of distilled water. A leak in the 
reservoir is opened or closed with a tap: when closed about 
100 ml. air/min. pass into the vessel, and when open about 
10 ml./min. The higher rate is used for replacing the air in 
the empty vessel. Thereafter, when the vessel is opened 
momentarily for the introduction of solutions, air is passed 
at the lower rate to protect against atmospheric COQ,. 
A small manometer enables the vessel to be tested for air 
leaks. 

The micrometer burette is based on that described by 
Scholander (1942) and Scholander, Edwards & Irving 
(1943). Deliveries of NaOH solution (from a fine capillary 
dipping into the reaction mixture) are accurate to 0-1 yl., 
and the rate of diffusion of alkali from the capillary is 
negligible. 

The rubber bung of the reaction vessel, and the metal 
parts of the burette, are in electrical connexion with the 
reaction mixture and must be insulated. Rubber-covered 
clamp jaws grip the vessel as far from its bung as possible, 
and rubber tubing insulates the burette from its support and 
the operator’s hand. 

The salt bridges are shown in Fig. 1. Bridge B is filled 
with 3-5M-KCl solution, and bridge A contains reaction 
mixture itself (without enzyme) to prevent contamination 
by diffused KCl. For this arrangement the reaction must be 
carried out in solutions of adequate conductivity: 0-1M-KCl 
has been used. Closed, ungreased stopcocks prevent si- 
phoning. To form each liquid junction, the greased stopcock 
T is opened, the rubber bulb compressed, 7’ closed and the 
solution stirred. 7’ is opened very gently and the junction 
drawn a short distance into the bridge. T is then closed. 
Mechanical vibration of the junctions is reduced by the 
rubber insertion in bridge A, and by the fact that the clamps 
holding the bridges are on stands separate from those 
holding reaction vessel and bath stirrer. This method is 
reported to be the best practicable for obtaining junction 
potentials which are stable with time (Guggenheim, 1930; 
MacLagan, 1929; Dole, 1941). Their constancy is a critical 
factor, since variations will be measured as errors in the 
reaction rate. The use of concentrated KCl, while ensuring 
that the junction potentials are less than 1 mv (Kline, 
Meacham & Acree, 1932), does not of itself give sufficient 
stability. 

When vessels A and B are filled with concentrated buffer, 
to prevent genuine pH changes, the p.d. between the two 
electrodes usually shows slow drifts, positive or negative, at 
rates up to about 0-3 mv/20 min. (or 3 x 10-4 pH _units/ 
min.). When the reaction vessel is filled with very dilute 
buffer, drifts due to residual acid changes, at rates up to 
about +1-5 x 10-7m/min., are also encountered. Although 
the drifts would be undetected in pH measurements with 
a meter of ordinary pattern, they are a limiting factor in the 
accuracy with which reaction rates can be determined by 
this apparatus. To minimize the error they introduce, p.d. 
readings are taken at frequent intervals for 10 min. im- 
mediately before the reaction is started by the addition of 
the last component. Any p.d. drift is converted into acid 
concentration units, using an approximate value for the 
buffer power of the solution, and subtracted from the 
measured reaction rate. 

Ester hydrolysis by the purified enzyme. The enzyme was 
the final product (Z,) of the purification, stored as a freeze- 
dried powder. A solution in 0-0033m phosphate, pH 7-4, 
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was prepared at intervals and centrifuged to remove very 
small amounts of insoluble material. Samples of the solution 
in small tubes were frozen solid, stored at — 10°, and one was 
used for each day’s work. After thawing, the tube was kept 
in ice between experiments. Under these conditions no 
change in activity occurred during the day. Different tubes, 
however, differed in activity by several per cent, due 
probably to small losses during freezing and storage. 

Methyl and ethyl butyrates were obtained commercially, 
washed with cold dilute Na,CO, solution, CaCl, solution and 
water, dried over anhydrous Na,SO,, and fractionally 
distilled several times. The final product was collected over 
a temperature range of less than 0-5°. 

Reactions were carried out at 25-0+-0-03°, at pH 7-4, in 
0-1mM-KCl and the dilute phosphate concentrations stated, 
The mixture was made up (with all components except 
enzyme), from stock solutions prepared with boiled water 
and protected from CO,. The salt bridge was filled with this 
mixture, and 50 ml. run into the CO,-free reaction vessel. 
After equilibration, titration to the standard pH, and 
frequent p.d. readings during the 10 min. ‘drift’ period, the 
reaction was started by addition of 0-5 ml. enzyme solution. 
The NaOH was 0-0696M, carbonate free. Reaction velocities 
were expressed as the molar concentration of alkali added 
per min. in the 50 ml. volume. Unless otherwise stated, 
initial velocities only were measured, over periods for which 
the progress curves remained linear. Spontaneous hydro- 
lysis of either substrate was negligible. The pH increment 
due to each addition of NaOH was less than 0-05 unit; and on 
replacing the reaction mixture by standard buffer at the end 
of the run, the p.d. registered corresponded to less than 
0-02 pH. Since the rate of hydrolysis of 3 x 10-*m methyl 
butyrate was found to increase by only 15% over the pH 
range 7-0-7-9, variations in rate due to pH changes were 
probably very small. Reaction mixtures contained about 
3 x 10-5 bicarbonate. The rate of hydrolysis of 3 x 10-* 
methyl butyrate was unchanged by the addition of 
2 x 10-*m-NaHCO,. 

The accuracy of initial velocity measurements varied 
considerably with the individual conditions (buffer power, 
rate and duration) of each reaction. An estimate was 
always made as follows: the uncertainty in drift was taken 
to be +(1-5 x 10-7+3 x 10-4 8)M/min. (where £=buffer 
power, 0[H*]/d pH, of the reaction mixture) and was 
expressed as a percentage of the measured rate. Time 
intervals between each pair of consecutive null points in the 
titration were noted, and the maximum deviation from the 
mean expressed as a percentage of the total reaction time. 
The total estimated error in the measured rate was the 
square root of the sum of the squares of these two errors. It 
varied from +1% at high substrate concentrations to 
+5% at the lower concentrations used. 

Initial hydrolysis rates, at both high and low substrate 
concentrations (56-8 x10-'m and 2-27x10-%m methyl 
butyrate), were shown to be proportional to enzyme con- 
centration and independent of phosphate concentration 
(from 0-5 x 10-m to 2-0 x 10-3). 


EXPERIMENTAL 
Purification of enzyme 


The ratio of the activity in esterase units to the nitrogen 

content in mg. will be referred to as the A/N ratio. 
Preparation of acetone powder. Fresh minced horse liver 

was added to 400 ml. acetone/100 g. liver, reduced to a fine 
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suspension in a Waring Blendor, and then stirred for 20 min. 
and filtered by suction. The solid residue was stirred with 
300 ml. acetone/100 g. liver and filtered as before. The filter 
cake was washed with 200 ml. acetone/100 g. liver, dried in 
vacuo over conc. H,SO, and solid NaOH, and ground to 
a fine powder in a mill. Stirred aqueous suspensions of the 
powder showed an activity of about 400 units and a nitrogen 
content of 114 mg./g. powder. A/N ratio =3-5. 

Extraction. The powder was ground in a mortar with a 
small volume of water until thoroughly wetted. Water was 
added to a volume of 30 ml./g. powder, and n-NaOH to 
raise the pH to 9-0. The suspension was stirred for 30 min. 
and centrifuged. The supernatant (Z,) contained 90% of 
the activity of the suspension. A/N ratio =4-9. 

Dialysis. (£,) was dialysed in cellophan tubing against 
10 vol. tap water in the refrigerator for 40 hr., the tap water 
being changed once after 20 hr. About 15% of the nitrogen 
was lost and the activity was unchanged. 

Acidification and heating. On bringing the dialysed extract 
to pH 5-5 with n-HCI, a heavy precipitate formed. The 
suspension was heated slowly to 55°, maintained at that 
temperature for 3 min., cooled to below 30°, and centri- 
fuged. The supernatant (H#,) contained 85% of the activity 
of (Z,); A/N ratio =24. 

Adsorption on calcium phosphate. The volume V of (E£,) 
was measured. At room temperature 0-15 V of 2m-NaCl 
solution was added, and the calculated volume of water 
(see below). About 0-075 V of calcium phosphate gel 
(30 mg. dry wt./ml., previously brought to pH 6-0 with 
n-HCl) was added with stirring, and the mixture was 
stirred for a further 30 min., centrifuged and the super- 
natant discarded. Trial experiments were necessary in each 
preparation to determine the proper amount of gel, which 
was that leaving between 10 and 15 % of the activity in the 
supernatant. The volume of water added was adjusted to 
make the total volume of the mixture 1-5 V. 

Selective elution. In cach elution of the residue, the solid 
was dispersed, the suspension was stirred for 30 min. and 
centrifuged. The solutions used were: 

(i) 0-75 V of 1% (w/v) Na,SO,,10H,O supernatant 
discarded. 


(ii) 0-15 V of 7% (w/v) aaa en 


E;) com- 
(iii) 0-15 V of 7% (w/v) Na,SO,,10H,O —— 


(Z,) contained 60% of the activity of (Z,). A/N ratio=88. 

Ammonium sulphate fractionation. 280g. (NH,),SO, 
were added per 1. of (£;). The solution was left in the 
refrigerator overnight, filtered in the refrigerator, and the 
precipitate discarded. 120 g. (NH,).SO, were added per 1. of 
filtrate. After standing in the refrigerator overnight and 
filtering as before, the precipitate was dissolved in a small 
volume of 0-02M-NaCl, to give a solution containing about 
400 esterase units/ml. This was dialysed in cellophan 
tubing against repeated changes of the same NaCl solution, 
in the refrigerator, until the external liquid gave no opal- 
escence with BaCl, solution. Any precipitate formed during 
dialysis was removed by centrifuging. The product (,) 
contained 80 % of the activity of (Z;); A/N ratio= 183. The 
activity was almost unchanged by the thorough dialysis: 
losses from 0 to 9% were observed on different occasions. 
Since the solution before dialysis contained much (NH,).SO,, 
which was therefore present in the activity tests, comparable 
amounts were added to reaction mixtures in activity tests 
on stage (#,), and shown to have no effect. 
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Adsorption of impurities by calcium phosphate. To the 
clear preparation (Z,) about 1 ml. calcium phosphate gel 
(30 mg. dry wt./ml., pH about 7-0) was added per 1000 units 
of activity present. The suspension was stirred for 30 min., 
centrifuged, and the supernatant retained. As before, the 
necessary amount of gel was determined in each case by 
trial experiments: about 95% of the activity should remain 
in the supernatant (Z;), when its volume is calculated as the 
sum of the volumes of (#,) and gel used. The actual activity 
yield was about 85 % due to the loss of volume in the residue 
after centrifuging. A/N ratio of (Z;)=310. 

Ethanol precipitation. 0-11 vol. of M-NaCl solution was 
added to (#;) and the pH of the mixture adjusted to 6-6 with 
0-1n-HCl. Ethanol at —6° was added very slowly with 
constant stirring to the enzyme solution at +1° to 43% 
(v/v). The mixture stood at — 6° for 30 min., and was spun 
in a refrigerated centrifuge at that temperature. The pre- 
cipitate was dissolved immediately in cold 0-033m phos- 
phate buffer, pH 7-5, and the solution centrifuged to give 
the purified enzyme preparation (£,). In this precipitation, 
accurate temperature control during centrifuging was found 
to be very important, since the solubility of the active 
material increased greatly with rising temperature. 
Activity yields were variable (67-95%); A/N ratio =500. 
The preparation (Z,) was stable at room temperature for 
several hours, and no change of activity occurred on 
dialysis, or on freeze-drying for storage purposes. The whole 
purification process yielded about 10000 esterase units/ 
100 g. acetone powder. 


RESULTS 
Properties of the purified enzyme 


Electrophoresis of the purified preparation in 
0-0333M phosphate buffer pH 7-5, (0-0280m- 
K,HPO,, 0-0053M-NaH,PO,; solute dialysed 
against buffer) in the Tiselius (1937) apparatus with 
cylindrical lens (Philpot, 1938) schlieren optical 
system, gave the diagrams shown in Fig. 3. The 
protein concentration was 0-77 %, temperature 4°, 
field strength 4-6 v cm.—}. 

The major component, whose mobility was 
approximately 4-2 x 10-> cm.’ sec. v-!_ towards 
the anode, was accompanied by one small minor 
component. Electrophoresis of an earlier stage in 
the purification showed that the proportion of the 
major component increased as the purification 
proceeded. 

Absorption spectrum. Concentrated solutions of 
the purified preparation were slightly brown in 
colour. In the Beckman spectrophotometer, the 
absorption in the visible region was found to rise 
steadily with decreasing wavelength, showing no 
maxima. At 405 mz. a sharp maximum occurred, 
and after a broad minimum at about 350 my. the 
absorption rose again to the tyrosine-tryptophan 
maximum at 277-280 my. Extinctions in a 1 em. 
cell, per mg. N/ml. were as follows: 600 muz., 
0-039; 500 myz., 0-092; 405 muy., 0-92; 280 my., 6-8. 
During electrophoresis, a sharp change in the 
intensity of brown colour was observed to coincide 
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with the boundary of the major component. 
Spectrophotometry of different stages in the enzyme 
purification showed a steady increase in the ratio of 
esterase activity to extinction at 405 muz., as the 
purification proceeded. The presence of haematin, 





(a) 





Fig. 3. Electrophoresis schlieren diagrams of ascending 
boundaries. Protein conen. 0-77 % in 0-0333 mM phosphate 
buffer at pH 7-5 (0-0280M-K,HPO,, 0-0053M-NaH,PO,). 
Field strength, 46vcm.—. (a) 35 min., (b) 62 min., 
(c) 163 min. 


Table 1. Mohamed’s activity test 


Esterase activities determined according to Mohamed 
(1948) were compared with the activity reported for his 
crystalline material, on the basis of N content. For details 
of enzyme purification and drop-titration activity test, see 
text. 


Stage of enzyme purification con ie E; E, 
A[N ratio by drop-titration method 150 220 550 
Activity by Mohamed’s test, divided 1-33 1:52 2-05 


by activity reported for crystals 
containing sameamount of nitrogen 
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suggested by the band at 405 my., was confirmed 
by the pyridine haemochromogen method according 
to Biérk (1949), which demonstrated 1 g.mol. 
protohaematin/1-5 x 10° g. N in the final enzyme 
preparation. Published absorption spectra of 
catalases and methaemoglobins suggest that this 
quantity of haematin, bound to protein, could 
account as to order of magnitude for the absorption 
spectrum of the enzyme preparation at all wave- 
lengths from 405 mp. upwards. 

Mohamed’s activity test. Mohamed (1948, 1949) 
had reported his crystalline horse liver esterase 
to be electrophoretically homogeneous. However, 
when intermediate stages of the present purification 
were assayed by Mohamed’s activity test the 
activity/mg. N was in each case found to be greater 
than the figure given for the crystals. In this test 
the enzyme was incubated at 40° with ethyl butyrate 
in an unbuffered mixture, and the butyric acid 
titrated after 30 min. With the present preparation 
the acid liberated was proportional to enzyme 
concentration up to a certain value, falling off at 
higher values. The proportional region was used to 
obtain the results in Table 1. 

The activity test of Connors et al. (1950). Dry- 
weight determinations and manometric esterase- 
activity measurements according to Connors e¢ al. 
(1950) were carried out on the present preparation. 
A complication not mentioned by them was en- 
countered in the activity tests: the volatile substrate 
distilled over from the main chamber of the 
Warburg manometer into the enzyme in the side 
bulb, at a speed sufficient to give approximately the 
full rate of hydrolysis. In order to find whether 
appreciable loss of activity occurred before the 
measurement of reaction rate, during the periods 
(i) while the enzyme was in bicarbonate solution at 
a high pH before filling the manometers with gas, 
and (ii) between filling with gas and tipping, both 
time intervals were first kept as short as possible, 
and then increased fourfold. This resulted in a 20% 
fall in measured rates, suggesting that inactivation 
during the shorter periods could not have been 
more than a few parts per cent. Rates were pro- 
portional to enzyme concentration, and the mean 
value obtained with short time intervals was 
118000 pl./hr./mg. dry weight, or 42 % of the figure 
given by Connors et al. (1950) for their preparation. 

Velocity ratios for three substrates. The drop- 
titration method was used to measure the esterase 
activity towards methyl butyrate, ethyl butyrate 
and ethyl acetate at various stages in the purifica- 
tion of different individual enzyme preparations. 
The velocity ratios found are shown in Table 2. The 
substrates were used at concentrations giving 
maximal velocities, as shown by agreement between 
the rates at two concentrations of each substrate: 
methyl butyrate 0-046 m and 0-093, ethyl butyrate 
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0-0158m and 0-0316M, ethyl acetate 0-37M and 
0-49m. In testing stage H,, the concentration of 
sodium sulphate in the reaction mixture was 
necessarily much higher for the ethyl acetate 
determinations than with the butyrates. However, 
addition of equivalent concentrations of this salt to 
reaction mixtures in tests on the butyrates gave no 
change in hydrolysis rate. 

Action on DL-B-butyrolactone. This substance was 
hydrolysed at a considerable rate by the purified 
enzyme preparation. By the potentiometric titra- 
tion method, the initial rate of hydrolysis of 0-05m 
DL-f-butyrolactone was found to be about 0-042 
times that of methyl butyrate at maximal concen- 
tration, after correcting for the spontaneous hydro- 
lysis of the lactone. Since well over half of the DL- 
substrate was hydrolysed enzymically, both p- and 
L-forms were attacked. 

Inhibition by some dyes. Several fluorescent dyes 
(kindly provided by Dr D. J. R. Laurence) were 
found to inhibit the enzyme. Activity measure- 
ments were made with a preliminary form of the 
potentiometric system. After incubating enzyme 
and dye together for 20 min., a small volume of 
ethyl butyrate solution was added, giving a con- 
centration of 6x 10-‘m. Fluorescein, eosin, and 
rhodamine B gave almost complete inhibition at 
5x 10-4m; pyronine, o-5-acridylbenzoic acid, and 
N-methylacridinium chloride gave considerable 
inhibition at 10-*m. The action of rhodamine B has 
been studied in detail (Burch, 1954). 


Hydrolysis of methyl butyrate and ethyl butyrate 


The potentiometric method was used for these 
experiments. 

Substrate concentration. The variation of reaction 
rate with substrate concentration was found to 
follow the Michaelis form. Results of three experi- 
ments with methyl butyrate are shown in Fig. 4. 
The straight lines represent the relation 


1/v=1/V +Km/ VIS], 


Table 2. Ratios of maximal rates of hydrolysis of 
three substrates, determined by drop-titration method 


Three separate batches of the esterase were used. For 
details of their purification, and of the activity measure- 
ments, see text. 


V ethyl butyrate V methyl butyrate 





Prepara- _etny: y unyt 
tion Stage V ethyl acetate V ethyl butyrate 
1 Ey 14-7 2-09 
1 Fr, 13-0 2-20 
2 E, 14-6 -_ 
2 E, 16-8 a 
3 E, 15-7 o— 
Mean 15-0 2-15 
Maximum deviation +12 +5 


(%) 
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with K,,=2-32x10-°m. A 360-fold range of 
substrate concentrations was used, from 0-12 to 
43K. 

Fig. 5 shows two similar experiments with ethyl 
butyrate, the straight lines representing the 


1/[S] X 10° (-) Expr. 1 
1 2 3 4 5 


1/v (min. um) Expts. 2 and 3 





0 005 010 015 020 025 030 
1/[S] X 10° (mt) Expts 2 and 3 


Fig. 4. Effect of methyl butyrate concn. on the rate of 
enzymic hydrolysis, determined by the potentiometric 
method in 0-1M-KCl and 10-*m phosphate at 25°. The 
vertical line through each point shows the error limits for 
the velocity measurement, estimated as described in the 
text. A, Expt. 1; O, Expt. 2; @, Expt. 3. Each straight 
line represents the Michaelis relation with 


Ky, =2:32 x 10-°M. 


0 oo 10 #15 #20 45 «50 
1/[S] x 10° (") 


Fig. 5. Effect of ethyl butyrate concn. on the rate of 
enzymic hydrolysis, determined by the potentiometric 
method in 0-1mM-KCl and 0-5 x 10-°m phosphate at 25°. 
The vertical line through each point shows the error 
limits for the velocity measurement, estimated as 
described in the text. @, Expt. 1; O, Expt. 2. Each 
straight line represents the Michaelis relation with 
K,,=6-2 x 10-*m. CD is a continuation of AB. 
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Michaelis equation with K,, = 6-2 x 10-*m. In both 
experiments the velocity at the highest [S] value 
(36-6 x 10-°m) was rather lower than that predicted 
by the equation. It seems possible that excess 
substrate inhibition was just becoming apparent at 
this value of [S]. This is a common phenomenon 
with esterases, and was found by Murray (1930) for 
liver esterases of various mammalian species, the 
reaction rate obeying the equation 
v= V(S}/(Kn +[8]+(S}/K3) 

This relation could apply to the present results with 
a K, of about 0-5. 

Mixed substrates. Table 3 shows the results of 
duplicate experiments (1) and (2). In each case 
three velocity determinations were made: (a) with 
a high concentration of methyl butyrate, (b) with 
a high concentration of ethyl butyrate, and (c) with 
a mixed solution of the two esters. 

Tf each of the two substrates were hydrolysed by 
an independent enzyme in the preparation, or by 
an independently functioning active centre on the 
same enzyme, the total rate of hydrolysis in the 
mixture (c) should have been equal to the sum of the 
rates of hydrolysis of 2-9 x 10-?m methyl butyrate 
and 1-31 x 10-?m ethyl butyrate measured separ- 
ately. These two rates were nearly equal to the rates 
in solutions (a) and (b) respectively, as shown by 
Figs. 4 and 5. They were calculated from the rates 
in (a) and (b), using these figures, and the values 
and their sum are given in Table 4. It is apparent 
that the found rate of hydrolysis in solution (c) was 
only 55% of the rate predicted on this additive 
basis. 

If a single type of active centre was responsible 
for the hydrolysis of both substrates, competition 
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should have occurred. In this case the total hydro- 
lysis rate v; may be shown (Haldane, 1930) on the 
basis of the Michaelis theory to be given by 


p= (V[S}/Km+ V[S'/Kp,)/(1+(S/Km + (SV Kp), 
(1) 


where [S] and [S’] represent the concentrations of 
the two substrates, V and V’ the maximum velo- 
cities and K,, and K;, the Michaelis constants, 
observed with each respective substrate alone. 

The reaction rate in solution (c) was calculated 
from eqn. 1, using K,,=2-32 x 10-°m for methyl 
butyrate and K/,=6-2 x 10-4m for the ethyl ester, 
with the results shown in Table 4. In both experi- 
ments the rate found was 1-13 times that calculated 
in this manner. Since the errors for all six rate 
measurements, estimated as described above, were 
only 1%, and the results obtained on the two 
occasions agreed within 1 %, this discrepancy must 
be considered real. 

Progress curves. Investigation showed that the 
progress curves of ester hydrolysis could not be 
interpreted simply. 

(i) Under the reaction conditions, the enzyme was 
unstable in the absence of substrate. Table 5 shows 
the results of incubating the enzyme in the stirred 
mixture for varying times before adding substrate 
to start the reaction: activity was lost at a rate of 
about 10%/20 min. 

(ii) The presence of substrate in high concentra- 
tions protected against this inactivation, since 
reactions at these concentrations were followed for 
periods up to 30 min. and showed no decrease in rate. 

(iii) At lower substrate concentrations, the 
reaction rate decreased more rapidly than was 


Table 3. Mixed substrates : experimental results 


Expts. 1 and 2 each consisted of three determinations of initial hydrolysis rate: a, b and c. The potentiometric method 
(see text) was used, with substrates methyl butyrate (Me) and ethyl butyrate (Et). Estimated errors, approximately 


+1% for each run. 


a 
Phosphate concn., 10-°m 1-0 
Substrate conen., 10-?m Me, 5-8 
Reaction rate, uM/min. (1) 33-5 
(2) 35-5 


Table 4. 


b c Ratio: a/b 
0-5 0-5 = 
Et, 2-63 Me, 2-9 a= 
+Et, 1-31 
18-6 27-55 1-80 
19-5 28-95 1-82 


Mized substrates : comparison of results with theory 


The experimental results of Table 3 are compared with theoretical hydrolysis rates in substrate mixtures, calculated 


according to two different models as explained in the text. 


Found rate for mixture c, uM/min. 


Calculated rates for mixture c, 
pM/min. 


Found rate/calc. rate 
Single centre 


fr wo independent centres 


| competition at a single centre . 


Two independent centres 


(1) (2) 


27-55 28-95 
Me alone 32-2 34-1 
Et alone 18-2 19-1 
Sum (Me plus Et) 50-4 53-2 
24-2 25-5 

0-55 0-55 

1-13 1-13 
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accounted for by the depletion of substrate. Two 
such reactions were followed, with identical initial 
substrate concentrations but different enzyme 
concentrations. By taking tangents to the progress 
curves at frequent intervals, each curve could be 
represented by a graph of e/v against 1/[S], where 
e=enzyme concentration in arbitrary units, v= 
instantaneous velocity and [S]=instantaneous 
substrate concentration. In Fig. 6 these graphs are 
shown, together with the straight line representing 
the relation between e/v and 1/[S] found by initial 
velocity measurements above. In Fig. 7 the in- 
stantaneous velocities of Fig. 6 are expressed as 
fractions of the theoretical velocity at that substrate 
concentration, i.e. of the velocity given by the 
straight line of Fig. 6. These fractions (v/vth) are 
plotted against time. Thus Fig. 7 records the de- 
crease in reaction rate with time, after correcting 
for the effect of falling substrate concentration. 


Table 5. Inactivation of enzyme without substrate, 
under the conditions of the potentiometric activity 
measurements 


The enzyme was incubated in the usual reaction mixture 
(phosphate concen. 1-0x10-*m) for time ¢, before 2 ml. 
methyl butyrate solution were added (giving a substrate 
conen. of 4-54 x 10-°m) and the resulting hydrolysis rate 
was measured. Estimated error in each velocity measure- 
ment: +0-3 uM/min. 


t Velocity 
(min.) (uM/min.) 
2 16-3 
22 13-9 
38 12-4 
2 15-1 
016 
=~ 014 
= 
= 
£ 
E 
— 
” 012 
0-44 0-48 0-52 0-56 


1/[S] x 10° (rr) 


Fig. 6. Progress curves of methyl butyrate hydrolysis, 
represented as graphs of e/v against 1/[S]. A, experi- 
mental curve, enzyme concn. =1-00 arbitrary units; B, 
experimental curve, enzyme concen.=3-95 arbitrary 
units; C, relation found by the initial velocity measure- 
ments of Fig. 4. Phosphate concen. = 1-0 x 10-* in each 
experiment, 
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DISCUSSION 


No evidence has been obtained for the existence of 
any dissociable coenzyme for horse liver esterase. 
The activity is almost or entirely unchanged by 
thorough dialysis, and proportionality has always 
been found between the rate of ester hydrolysis and 
the concentration of enzyme preparation present. 
With the purified enzyme preparation this has been 
shown at both high and low substrate concentra- 
tions. These results contrast with those of Kraut & 
Pantschenko-Jurewicz (1935) and of Ruffo (1943), 
who found that separable material of low molecular 
weight was concerned in the activity of pig liver 
esterase. Ruffo obtained inactivation on dialysis, 
and reactivation by the addition of concentrated 
dialysate. In the purification of horse liver esterase 
by Connors et al. (1950), exhaustive dialysis resulted 
in only a small loss of activity. Apparently a species 
difference exists. 

The haematin contained in the enzyme prepara- 
tion, although apparently bound to the major 
electrophoretic component, seems unlikely to be 
concerned in the esterase activity. Boursnell & 
Webb (1949) found that an esterase preparation 
obtained by the present method, when completely 
inhibited by diisopropyl] phosphorofluoridate, bound 
1 g. atom of phosphorus per 10° g. protein (while 
previously heat-inactivated enzyme bound none). 
The haematin content is only 0-1 g.mol. per 10° g. 
protein, and perhaps represents material adsorbed 
during the purification. 

The esterase is inhibited by fluorescein, eosin, 
rhodamine B, 0-5-acridylbenzoic acid, pyronine 
and N-methylacridinium chloride. The first four 
compounds possess carboxyl groups, and are there- 
by structurally related to the ester substrates; but 


10 
09 
$ 
08 
07 
0 5 15 25 35 
Time (min.) 


Fig. 7. Progress curves of methyl butyrate hydrolysis, 
plotted to show decrease of reaction rate with time, after 
allowing for substrate depletion. Data from Fig. 6. 


vth=theoretical velocity, ie. velocity given by initial 
rate measurement at the substrate concen. concerned. 
A, enzyme concn.=1-00 arbitrary units; B, enzyme 
conen. = 3-95 arbitrary units. 
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neither pyronine nor N-methylacridinium chloride 
bears any obviously relevant group. Neither the 
net charge on the molecule at the working pH 
(negative, positive or zero) nor the charge on the 
xanthene or acridine ring appears to play a deter- 
mining role. 

That £-butyrolactone is hydrolysed at least as 
fast as ethyl acetate by the preparation is of 
interest, since so far as is known to the author no 
lactone has previously been shown to be hydrolysed 
by an esterase. Bamann & Schmeller (1931), 
Bamann, Schweizer & Schmeller (1933) and 
Steenshold (1943) tested a considerable number of 
lactones and similar compounds, including y,- 
butyrolactone, and found them completely re- 
sistant to enzymic hydrolysis. Some relation to the 
enzyme was shown, however, since they inhibited 
the hydrolysis of ordinary esters. It may be noted 
that the lactone rings of all these compounds were 
five-membered or greater, while £-butyrolactone 
has a four-membered ring, and is spontaneously 
hydrolysed in aqueous solution much more rapidly. 

The simple experiment represented in Figs. 6 
and 7 demonstrated that the progress curves of 
ester hydrolysis were complex: at least two pro- 
cesses other than substrate depletion were involved 
in the fall in reaction rate. Fig. 6 shows that no 
mechanism of rapidly established inhibition by 


products could explain the two curves fully. The 


initial substrate concentrations were identical. 
Thus at points of equal [S] the two mixtures were of 
identical composition in substrate and products; 
but reaction rates were not proportional to enzyme 
concentration, except initially. The rate per enzyme 
unit was always less in the reaction with lower 
enzyme concentration. Thus the velocity was not 
determined by the composition of the mixture 
alone, but depended also on the time taken to reach 
that composition: progressive inactivation of the 
enzyme must therefore have been involved. But if 
such inactivation had been the sole cause of the fall 
in rate, the two curves of Fig. 7 would have been 
expected to coincide. Since the reaction with greater 
enzyme concentration showed a more rapid decrease 
in v/vth, amounting to about 25% in 20 min., 
which is faster than the inactivation in the absence 
of substrate (Table 5), an inhibition by reaction 
products was probably also involved. 

The degree of homogeneity of the enzyme pre- 
paration and its relation to the horse liver esterases 
of Mohamed (1948) and of Connors et al. (1950) 
remain in doubt. When assayed by Mohamed’s 
procedure, the last three stages of the present 
purification gave greater activities/mg. nitrogen 
than had been reported for this author’s crystalline 
material. Connors et al. (1950) also observed that 
an early stage in their preparative method gave 
nearly twice the activity reported for the crystals. 
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Electrophoresis of the present preparation and 
that of Connors e¢ al. (1950), each at a single pH 
only, suggested near-homogeneity for the former 
material and about 70% purity for the latter; but 
the present preparation, tested by the manometric 
method according to Connors e¢ al. gave only 42% 
of the activity/mg. dry weight reported for their 
material. If a single esterase is responsible for the 
activity of both preparations, electrophoretic 
resolution must have been inadequate. The unity 
of the enzymic activity of a preparation may be 
investigated by two other general methods: kinetic 
studies should show whether the presence of a single 
type of active centre can account for the character- 
istics of the enzymic activity ; and a combination of 
activity tests with protein separation techniques 
should show whether fractions of different enzymic 
properties can be distinguished in the material. 
Experiments in each class have been carried out on 
the present preparation. 

The kinetic characteristics of the enzyme ex- 
amined here differ in several respects from those of 
the preparation of Connors et al. (1950), but 
differences in the experimental conditions used may 
be responsible. The largest discrepancy is in the 
Michaelis constant for methyl butyrate, which is 
given as 2-2 x 10-*M, or about 10 times greater than 
the value found in the present work; but it may be 
noted that competitive inhibition by bicarbonate is 
possible (Murray, 1930) and that the manometric 
technique may involve very considerable losses of 
this volatile substrate during gassing of mano- 
meters. Either effect would raise the apparent 
value of the Michaelis constant. 

Kinetic studies on the present preparation showed 
that the Michaelis relation between reaction rate 
and substrate concentration was obeyed with 
methyl and ethyl butyrates separately. This is 
itself evidence against the presence of more than 
one type of active centre for each substrate, since if 
two or more types of centre with different K,, 
values act simultaneously on one substrate, the 
graph of 1/v against 1/[S] should be not linear, but 
a curve concave towards the 1/[S] axis. This may be 
shown by taking the expression 


= ViS)/(Kn, +— [S]) - VS)/(Km, a5 [S]) 
and differentiating 1/v with respect to 1/[S]: 


1 i wy 1 I 
d {-—} / d{—} is always positive but d? |-}/d{< 
v S Y v S 


is necessarily negative. 

When a mixed solution of the two esters was used, 
considerable competition was shown, and the total 
hydrolysis rate lay between the rates for the two 
separate substrates. Thus the simple criterion which 
is often applied for the- action of only a single 
enzyme on both substrates was satisfied. However, 
on comparing more closely the observed reaction 
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rate with that calculated from the Michaelis theory 
(eqn. 1) assuming competition for a single type of 
active centre and using the constants already 
determined for the separate substrates, the rate 
observed was found to be 1-13 times that calculated. 
Examination of eqn. 1 shows that errors in the values 
used for K,, and K;, change the value of the calcu- 
lated rate very little. Thus in order to obtain a rate 
equal to that observed, either the value of K;, must 
be raised by a factor of 3, or K,, must be decreased 
by a factor of 3, or both must be changed by factors 
of about 1-8. Such values for the Michaelis con- 
stants are not consistent with the experimental 
results of Figs. 4 and 5. Excess substrate inhibition 
of the Murray—Haldane type (Murray, 1930; 
Haldane, 1930) cannot account for the discrepancy. 
If an inactive complex ES, was formed with ethyl 
butyrate only, and with dissociation constant 
K,=0-5M, the calculated rates would be only 1% 
greater than those given in Table 4. If mixed 
inactive complexes ESS’ were also formed, calcu- 
lated rates would necessarily be lower than those in 
the table. 

This unresolved discrepancy may indicate the 
presence of two or more types of esterase centre in 
the preparation, since the reaction rate given by 
such a system, acting on a substrate mixture, may 
have any value from zero (when each substrate 
inhibits the hydrolysis of the other) to the additive 
value obtained when each substrate is attacked by 
an independent centre. Alternatively, the action of 
a single type of centre could be more complicated 
than the simple Michaelis mechanism. For instance, 
if the presence of high concentrations of ester caused 
a change in the Michaelis constant due to a medium 
effect, no deviation from the ordinary relationship 
would be observed in experiments with single 
substrates, since at high values of [S] the reaction 
rate is very insensitive to changes in K,,. But in 
mixed substrate solutions the rate depends largely 
on the ratio of the two Michaelis constants, and a 
differential medium effect would produce a dis- 
crepancy between theory and observation. 

Activity measurements on the last four stages of 
the enzyme purification, in which the ratios of the 
maximal rates of hydrolysis of three different sub- 
strates were determined, showed no marked or 
consistent change in these ratios, although the 
activity per mg. nitrogen of the preparations 
increased by a factor of 5-5, indicating considerable 
protein fractionation. These experiments thus 
provide evidence against the presence of separable 
esterases in the preparation. 


SUMMARY 


1. An apparatus is described for continuous 
potentiometric titration of the acid produced in the 
enzymic hydrolysis of esters. 


It is designed to 


HORSE LIVER ESTERASE 


425 


measure low reaction rates, with the consumption of 
very small concentrations of substrate. 

2. A purification of horse liver esterase is 
described, giving a product with 140-fold greater 
activity/mg. nitrogen than the acetone powder used 
as starting material. 

3. Electrophoresis of the preparation shows 
a major component constituting about 95% of the 
refractive material. 

4. The rates of hydrolysis of three separate esters 
remain in constant ratios over the last four stages of 
the enzyme purification. 

5. The progress curves of ester hydrolysis are 
complex in form; a simple comparison of reactions 
with equal initial substrate concentrations, but 
different enzyme concentrations, shows that at 
least two processes other than substrate depletion 
are involved in the decrease of reaction rate. 

6. The Michaelis relation between initial velocity 
and substrate concentration holds for each ester 
separately. Mixed substrate solutions are hydro- 
lysed at a rate which is much less than additive, but 
is significantly greater than the rate predicted on the 
basis of simple competition at a single type of active 
centre. 

7. The esterase is inhibited by fluorescein, eosin, 
rhodamine B, o-5-acridylbenzoic acid, pyronine, 
and N-methylacridinium chloride. It hydrolyses 
DL-f-butyrolactone, attacking both optical isomers. 

8. The homogeneity of the preparation, and its 
relation to two recently published horse liver 
esterase preparations are discussed. 


The author would like to thank Dr M. Dixon for helpful 
advice during the enzyme purification and electrophoretic 
work, Dr P. D. Mitchell who designed and built the potentio- 
meter for the titration apparatus, and Professor F. C. 
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of a maintenance grant from the Department of Scientific 
and Industrial Research, and a scholarship at Newnham 
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The Determination of Creatinine in Plasma or Serum, and in Urine; 
a Critical Examination 
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(Received 5 May 1954) 


Many different methods have been proposed for 
the determination of creatinine in plasma, serum 
and urine, and most of these have been based on the 
colour reaction which takes place between creatinine 
and sodium picrate in an alkaline medium (Jaffé, 
1886). On comparison, however, these different 
analytical procedures have been found to give 
different results, particularly when applied to 
plasma or serum. 

The Jaffé reaction is not specific for creatinine 
and it is generally acknowledged that there are 
present in plasma and serum, and, to a smaller 
extent, in urine, one or more unknown substances 
which also give an orange colour with alkaline 
picrate. Methods which have been claimed to be 
more specific towards creatinine include a nephelo- 
metric method (Barclay & Kenney, 1947) and 
various procedures employing 3:5-dinitrobenzoic 
acid in place of picric acid (Langley & Evans, 1936; 
Benedict & Behre, 1936; Bolliger, 1936). In 
addition, other methods have been devised to 
increase the specificity of the Jaffé reaction, and 
these involve the use of creatinine-destroying 
bacteria (Dubos & Miller, 1937), adsorption tech- 
niques (Brod & Kotatko, 1949; Hare, 1950; Haugen 
& Blegen, 1953) and destruction of interfering sub- 
stances with ceric sulphate (Kostir & Rabek, 1950; 
Kostir & Sonka, 1952). 

We have attempted to explain some of the 
differences in the results of creatinine determina- 
tions obtained with different methods by examining 





the factors which influence the determination of 
creatinine in plasma, serum and urine. Attention 
was confined to the methods based on the Jaffé 
reaction and to the procedures which have been 
claimed to increase the specificity of the reaction 
since methods based on other reactions did not 
appear to offer any definite advantages. 


MATERIALS 


Creatinine. Standard solutions were prepared daily by 
dilution of a stock solution containing 400 mg. creatinine/ 
100 ml. of 0-1N-HCl. The stock solution was stored at 0° 
and was never kept for longer than 4 weeks. 

Picric acid. An aqueous solution, saturated at room 
temperature (18-20°), was prepared from picric acid (A.R.) 
which had been recrystallized twice from water and satisfied 
the criteria of purity proposed by Folin & Doisy (1917). The 
solution was kept in dark bottles and was made up at inter- 
vals of a few days. 

Other reagents. Sodium hydroxide, (A.R.) 2-5N. Sodium 
tungstate, (A.R.) a 10% (w/v) solution of Na,WO,, 2H,0. 
Sulphuric acid, (A.R.) 0-66N. Phosphate buffer, 1m, pH 7-0 
(Green, 1933). Oxalic acid, (A.R.) saturated aqueous 
solution. Lloyd’s reagent (hydrated aluminium silicate), 
Hartmann-Leddon Co., U.S.A. : 

NC-bacteria. A suspension of these bacteria (sometimes 
called Corynebacterium ureafaciens) was prepared according 
to the method of Miller, Allinson & Baker (1939). 

Plasma, serum and urine were obtained from normal 
subjects; the plasma was héparinized. 

A Unicam SP. 600 Spectrophotometer was used to 
measure optical densities. 
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METHODS 


Jaffé reaction. This was carried out, unless otherwise 
stated, according to the method of Folin & Wu (1919). To 
40 ml. of the solution containing creatinine were added 
20 ml. of alkaline picrate solution and the colour was 
allowed to develop for 20 min. in a water bath at 20+0-2°. 
The alkaline picrate solution was made up immediately 
before use by adding 1 vol. of sodium hydroxide to 5 vol. of 
picric acid. The optical density of the developed colour was 
measured at a wavelength of 520my. using water as 
reference optical density. For determinations in plasma or 
serum filtrates or in diluted urines, two standard solutions 
were included with each batch. All results were expressed 
in terms of creatinine. 

Enzymic destruction of creatinine using the NC-bacteria. 
The method used was that described by Miller & Dubos 
(1937). 

Adsorption of creatinine on Lloyd’s reagent. The method 
used was that described by Haugen & Blegen (1953). 
Standard creatinine solutions were included with each 
batch and the temperature of the final coloured solutions 
was adjusted to 20° before measurement of the optical 
density. 

Precipitation of plasma or serum proteins. Method I: to 
serum (2 vol.) were added water (6 vol.), sodium tungstate 
(1 vol.) and sulphuric acid (1 vol.) (Miller & Dubos, 1937). 
This gave a filtrate which, in this paper, will be termed 
‘neutral’ filtrate, and is equivalent to plasma or serum 
diluted fivefold. Method II: to serum (2 vol.) were added 
water (3 vol.), sodium tungstate (1 vol.) and sulphuric acid 
(2 vol.) (Brod & Sirota, 1948). This gave a filtrate which we 
shall term ‘acid’ filtrate, and is equivalent to plasma or 
serum diluted fourfold. 


RESULTS AND DISCUSSION 


The Jaffé reaction 


Light absorption by alkaline creatinine picrate. The ab- 
sorption spectrum of alkaline creatinine picrate shows 
maximum absorption in the region of 490 muy. (Fig. 1), but 
at wavelengths below 500 my. the optical density of 
alkaline picrate (i.e. the reagent blank) is also high (Fig. 1). 
Consequently filters having maximum transmission at 
wavelengths above 500 my. have generally been used. 
When measured with absorptiometers employing filters or 
diffraction gratings which provide light with a relatively 
broad waveband, the developed colour is reported not to 
obey Beer’s Law (Bonsnes & Taussky, 1945; Hawk, Oser & 
Summerson, 1947; Lauson, 1951; Schoch & Camara, 1952; 
Hervey, 1953), but with instruments providing light with 
a narrow waveband Beer’s Law is reported to be obeyed 
over the required concentration range (Borsook, 1935; 
Borsook & Dubnoff, 1940; Hervey, 1953). It has also been 
reported, however, that even with monochromatic light 
Beer’s Law is not obeyed at all wavelengths (Garner, 1952). 


We have confirmed the findings of Garner. The 
optical density of alkaline creatinine picrate was 
measured at wavelengths from 480 to 520 mz. and 
plotted against the concentration of creatinine 
(Fig. 2). As the wavelength increased the relation- 
ship between the optical density and the concentra- 
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tion became increasingly more nearly linear, 
although the optical density itself decreased after 
a slight initial rise. At 520 muy. the relationship was 
linear up to a concentration of 400 ng./100 ml. and 
at a concentration of 800 yg./100 ml. it deviated 
from linearity by only 2%. For this reason the 
wavelength of 520m. was used in this investigation. 

Picric acid. The optical density of alkaline creatinine 
picrate is independent of the picric acid concentration above 
a certain value, which is exceeded in all the methods which 
have been proposed (Bonsnes & Taussky, 1945). 

Early workers noticed that picric acid which had been 
exposed to light (Hunter & Campbell, 1916), to high 
temperature (Wilson & Plass, 1917), or, in some instances, 
merely obtained commercially (Folin & Doisy, 1917), 
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Fig. 1. Absorption spectra. A, alkaline picrate reagent 
diluted 1:2 with water (reagent blank). B, alkaline 
creatinine picrate and alkaline picrate (4 ml. creatinine 
(200 pg./100 ml.)+2 ml. alkaline picrate). Colour de- 
veloped for 20 min. at 20°. 10 mm. cells. 





7 200 400 600 800 
Concentration of creatinine (ug./100 ml.) 

Fig. 2. Optical density of alkaline creatinine picrate at 
various wavelengths. 4 ml. creatinine solution and 2 ml. 
alkaline picrate; colour developed for 20 min. at 20°. 
20 mm. cells. 
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contained material which on the addition of sodium 
hydroxide produced a red colour similar to that produced by 
creatinine. To eliminate this source of error various methods 
have been proposed for the purification of picric acid (Folin 
& Doisy, 1917; Benedict, 1929; King, 1951). 

We have examined the effect of exposing picric 
acid solution to daylight, with intermittent sun- 
light, for 4 weeks. The optical density of the colours 
produced when creatinine solutions were added to 
alkaline picrate made from this picric acid were 
compared with those produced with alkaline picrate 
made from freshly prepared picric acid. The optical 
density of the alkaline picrate made with ‘light- 
exposed’ picric acid was nearly 4 times that of the 
alkaline picrate made with freshly prepared picric 
acid yet the optical density of alkaline creatinine 
picrate was unaltered. Hence, with a modern 
sensitive spectrophotometer the purification of the 
picric acid and the avoidance of exposure to light 
is perhaps less important than when less sensitive 
instruments are employed. 

Sodium hydroxide and the effect of pH. The optical den- 
sities of alkaline picrate and of alkaline creatinine picrate 
depend on the pH of the final solution which, in turn, 
depends on the concentration of the sodium hydroxide and 
on the acidity of the original solutions containing creatinine. 
The optical density of alkaline picrate is reported to be 
a direct function of the pH of the final solution, while the 
optical density of alkaline creatinine picrate is an indirect 
function of the pH of the final solution (Bonsnes & Taussky, 
1945; Roscoe, 1953). 

We have examined this point by adding alkaline 
picrate to (a) sulphuric acid solutions of varying 
concentration and (b) creatinine solutions contain- 
ing comparable quantities of sulphuric acid. On 
account of the strongly alkaline nature of the final 
mixture it was considered impracticable to measure 
its pH directly, and the optical densities have there- 
fore been related to the titratable acidity of the 
fluids to which the alkaline picrate was added, 
since it was this which determined the pH of the 
final solutions. 


Table 1. Effect of acidity of test solution on the optical 
density of alkaline picrate and alkaline creatinine 
picrate 


Alkaline picrate (2 ml.) was added to 4 ml. of each of the 
following: (a) water; (b) creatinine solution, 200yg./ 
100 ml.; (c) creatinine solution, 400 yg./100 ml.—each 
containing various comparable quantities of 0-66N-H,SO,. 
Colour developed for 20 min. at 20°. Optical densities 
measured at 520 my., 20 mm. cells. 

Optical density 
Titratable acidity (% of value in water) 
of original soln. , 





pee ——_\ ae ee 
(ml. 1-0N-NaOH/100 ml.) a b c 
0-0 100 100 100 
4-2 88 102-5 102 
8-3 76 105 105-5 
12-5 62 109 107 
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The optical density of alkaline picrate decreased 
with increasing acidity of the sulphuric acid 
solution added (Table 1), and it follows, therefore, 
that the reagent blank applied to an acid medium is 
less than when applied to water. On the other hand, 
the optical density of alkaline creatinine picrate 
increased as the acidity of the creatinine solution 
was increased although the relative change was 
much less. The optical density of alkaline creatinine 
picrate is thus greater when prepared from an acid 
medium than from a neutral medium. 


Effect of temperature. Many workers have noted that 
variations in the temperature, at which the reaction is 
carried out, affect the determination of creatinine. 


We have confirmed that an increase in temperature 
causes an increase in the optical densities of alkaline 
picrate and of alkaline creatinine picrate. Further- 
more, we have found that this effect is reversible. 
Taking as a basis for comparison the optical density 
when the colour was developed and measured at 
20°, development and measurement at 15° gave 
figures about 5% lower for both alkaline picrate 
and alkaline creatinine picrate; development and 
measurement at 25° gave figures about 25 % higher 
for alkaline picrate and 10% higher for alkaline 
creatinine picrate. Further analysis showed that the 
temperature of development was immaterial within 
the range 15—25° and that the differences in optical 
density were due solely to the temperature at the 
time of measurement. The temperature, and there- 
fore the optical density, of the alkaline picrate in 
the reagent blank, increases when the solution is 
repeatedly exposed to the heating effect of the light 
beam of the absorptiometer (Haugen, 1953). 
Consequently water or air should be used as a 
reference optical density. 

The reversibility of the effect of temperature 
becomes important when creatinine is determined 
using Lloyd’s reagent according to the method of 
Haugen & Blegen (1953), since it is not always 
possible to keep the solution containing the de- 
veloping colour at a constant temperature, e.g. 
during centrifuging, and it may, therefore, be 
necessary to adjust the temperature of the solutions 
immediately before determining the optical den- 
sities. 

Colour development. After the addition of alkaline picrate 
to a pure creatinine solution the optical density reaches a 
maximum within a short time, 10-20 min., and remains 
constant for several hours (Hunter & Campbell, 1916; 
Bonsnes & Taussky, 1945; Hare, 1950; Haugen, 1953). 
When creatinine is originally present in an acid medium, 
a longer time is required for the development of maximum 
optical density (Roscoe, 1953). Diluted urine behaves in 
a manner similar to pure creatinine solutions. In plasma or 
serum filtrates, however, a colour is produced which does not 
reach a maximum optical density for several hours. This is 
believed to be due to the presence of one or more unknown 


1954 














i 


SS eee eee eee | 












~~ — OSS s&s Se © © 


anak tite ae. din. cn, a a 





1954 | Vol. 58 


ased 





substances, termed ‘non-creatinine chromogen’ (Hunter & 





acid | Campbell, 1916; Hayman, Johnson & Bender, 1935; Hare, 
fore, 1950; Haugen, 1953). 
m is We have examined the rate of colour development 
and, | in various media (Fig. 3). In pure creatinine solution 
rate | the optical density reached a maximum 16 min. 
tion | after the addition of alkaline picrate, and remained 
was f constant for longer than 1 hr. In diluted urine, 
uine } and in the eluates obtained from Lloyd’s reagent 
acid | which had been shaken with pure creatinine solution 
(or serum filtrate, or diluted urine), the rate of 
that | Colour development was similar to that in pure 
n ig | creatinine solution and the optical density likewise 
remained at its maximum value for 1 hr. In un- 
treated filtrates, however, and in filtrates which 
nai had been treated with the NC-bacteria, colour 
_ development was initially rapid and then con- 
- tinued to increase at a slower rate so that the 
i maximum optical density was not reached in | hr. 
at Effect of other substances on the Jaffé reaction. The optical 
an density of alkaline creatinine picrate is variably affected by 
on the presence of other substances. Richter (1944) and Lauson 
(1951) reported that glucose, which is itself chromogenic, 
nd depresses the optical density of alkaline creatinine picrate 
Lor and we have confirmed this. Other substances are reported 
ne to increase the optical density of alkaline creatinine 
he picrate. 
in That such an effect might occur in plasma filtrate was first 
al suggested by Gaebler & Keltch (1928) and, indeed, Lauson 
he (1951) demonstrated that when alkaline picrate is added to 
a mixture of creatinine and the non-creatinine chromogen 
7 ( 0280 
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at 
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Time of colour development (min.) 


Fig. 3. Rate of colour development on the addition of 
alkaline picrate to various solutions. 4 ml. test solution 
and 2ml. alkaline picrate; colour developed at 20°; 
wavelength 520my. 20mm. cells. (A) creatinine in 
water, 200 ug./100 ml., (B) diluted urine, (C) eluate from 
Lloyd’s reagent shaken with ‘neutral’ serum filtrate, 
(D) ‘neutral’ serum filtrate, (#) ‘neutral’ serum filtrate 
after incubation with NC-bacteria. 
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from plasma, the optical density of the colour developed by 
the mixture was less than the sum of the optical densities of 
the two colours developed separately. 


Methods for increasing the specificity of 
the Jaffé reaction towards creatinine 

These are based on three principles: (1) The 
destruction of interfering substances with ceric 
sulphate (Kostir & Rabek, 1950; Kostir & Sonka, 
1952). (2) The destruction of creatinine by bacteria 
(Dubos & Miller, 1937). (3) The adsorption of 
creatinine on Lloyd’s reagent (Gaebler, 1930). 


Ceric sulphate method. Kostir & Rabek (1950) and Kostir 
& Sonka (1952) proposed the treatment of serum filtrates 
with ceric sulphate to destroy a non-creatinine chromogen 
which they found to constitute about half of the total 
chromogen present and which they believed to be pyruvic 
acid. 


We have examined the effect of ceric sulphate on 
the chromogen content of serum filtrates using a 
slightly modified method. No significant difference 
was found between the total chromogen contents 
of serum filtrates before and after treatment with 
ceric sulphate. Further, the colour obtained on the 
addition of alkaline picrate to solutions of pyruvic 
acid was such that the small amount of pyruvic 
acid which is believed to be present in serum could 
account for only a small fraction of the non-creati- 
nine chromogen content. 

For these reasons no further studies were made 
with this method. 

Determination of creatinine using the NC-bacteria. This 
method has been extensively used by Miller & Dubos (1937), 
Miller et al. (1939), Allinson (1945) and Miller & Miller (1951), 
who have justified its use on the following evidence: (1) The 
NC-bacteria quantitatively destroy creatinine added to 
plasma or serum filtrates or to diluted urine. (2) Creatinine 
is the only known chromogen which, being present in plasma 
filtrates and destroyed by the NC-bacteria, could account for 
the disappearance of chromogen in filtrates treated with 
these bacteria. 


We have examined the effect of the NC-bacteria 
on the chromogen in serum filtrates, prepared by 
methods I and II, and in diluted urines, before and 
after the addition of creatinine. Not all the chromo- 
gen originally present was destroyed by the bacteria, 
whereas creatinine added in concentrations from 
100 to 250 pg./100 ml. was quantitatively destroyed 
(Table 2). 

The effect on the reaction of increasing the 
number of bacteria was examined by doubling the 
volume of the bacterial suspension added to a 
‘neutral’ filtrate, removing samples of the incu- 
bating mixture at intervals, stopping the reaction 
by heating rapidly to 100° and determining the 
chromogen present. Although chromogen dis- 
appeared from the filtrate more rapidly, the final 
amount of chromogen remaining was unaltered. 
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This finding suggests that the bacteria do not 
produce any appreciable amount of the non- 
creatinine chromogen present in ‘neutral’ tungstate 
filtrate. However, there still remains the possibility 
that one or more unknown chromogens are also 
destroyed by the bacteria. 


Adsorption method using Lloyd’s reagent. This has been 
used, with different modifications, by Gaebler (1930), 
Borsook (1935), Danielson (1936), Brod & Kotatko (1949), 
Hare (1950) and Haugen & Blegen (1953), who have justified 
its use on the following evidence: (1) Creatinine added to 
plasma or serum filtrates and to diluted urines is quanti- 
tatively adsorbed on Lloyd’s reagent and subsequently can 
be eluted quantitatively. (2) The rate of colour development 
on the addition of alkaline picrate to the eluate obtained 
from Lloyd’s reagent after being shaken with serum filtrate 
or diluted urine is identical with that in pure creatinine 
solutions when similar conditions of time, temperature and 
pH are imposed. (3) Lloyd’s reagent does not adsorb any of 
the chromogen occurring in filtrates after these have been 
treated with the NC-bacteria (Miller & Miller, 1951). 


We have confirmed that Lloyd’s reagent quanti- 
tatively adsorbs creatinine added to serum filtrates 
and to diluted urine (Table 4) and we have also 
confirmed that the colour development in the eluate 
is similar to that in solutions of pure creatinine 
(Fig. 3). 

The whole of this evidence does not exclude the 
possibility that Lloyd’s reagent adsorbs other 


Table 2. Destruction by NC-bacteria of creatinine 
added to serum filtrates and to diluted urine 


Serum filtrate or diluted urine (5-0 ml.), phosphate 
buffer (0-2 ml.), bacterial suspension (0-5 ml.); incubated 
37°C. for 60 min. The concentration of added creatinine 
ranged from 100-250 wg./100 ml. All values recorded as 
creatinine. 


Non- 
creatinine 
chromogen 
Non- after 
Initial total creatinine addition of 
chromogen chromogen creatinine 
Medium (ug-/100 ml.) (ug./100 ml.) (ug./100 ml.) 
Serum filtrate, 159 36 36 
method I 168 28 27 
206 36 32 
155 26 26 
156 30 26 
187 51 37 
175 37 32 
160 33 35 
Serum filtrate, 247 86 72 
method IT 188 42 47 
(adjusted to 216 60 50 
pH 7-0) 

Diluted urine 222 2 2 
184 2 8 
135 10 16 
202 5 3 
142 9 10 
205 9 8 
143 9 9 
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chromogens, or the possibility that some creatinine 
is formed from a precursor during the process of 
adsorption and elution, as was suggested by 
Gaebler (1930). In addition, it must be noted that 
not all samples of Lloyd’s reagent have equal 
ability to adsorb creatinine (Haugen & Blegen, 
1953). Nevertheless, a satisfactory sample of this 
reagent is superior as an adsorption reagent to 
kaolin, synthetic magnesium trisilicate or ion- 
exchange resins, all of which suffer from the dis- 
advantage of inefficient adsorption or high reagent 
blanks. 









Recovery of creatinine added to plasma or serum 
or to protein-free filtrates prepared from these 


j 

Protein precipitation. The various procedures 
which have been used for the preparation of protein- 
free filtrates of plasma or serum have been reported 
to give different values for the recovery of added 
creatinine. These procedures may be divided con- 
veniently into two groups: those which provide j 
a ‘neutral’ filtrate (pH >2-5; very low titratable 
acidity) and those which provide an ‘acid’ filtrate 
(pH < 2-5; considerable titratable acidity). Filtrates 
obtained by using Na,WO, (10% w/v) and H,Sv, 
(0-66N) in equal volumes (e.g. Method I), by using 
Cd(OH),, or by using ultrafiltration belong to the 
first group. Filtrates obtained by using Na,WO, 
and larger proportions of H,SO, (e.g. method II), 
or by using trichloroacetic acid belong to the 
second group. ’ 

When mixed, equal volumes of Na,WO, (10%, | 
w/v) and H,SO, (0-66N) give an acid solution. The 
excess H,SQ, is partly neutralized by the proteins if 
plasma or serum is present. The actual pH. of the 
filtrate is determined by the relative amounts of 
Na,WO,, H,SO,, serum and water, and for any 
given proportion of these reagents the pH of the 
filtrate also depends on the protein concentration in 
the serum. 

The mean pH values of filtrates prepared from 
five sera using various procedures are given in 
Table 3. 

Recoveries of creatinine previously reported. The recovery 
data of previous workers who have used tungstic acid as 
a protein precipitant are summarized in Table 3. Using 
trichloroacetic acid and Lloyd’s reagent, Hare (1950) 
obtained recoveries of creatinine added to serum in the 
range 98-100%, whilst Mandel & Jones (1953) with the 
same procedure obtained a mean recovery of 102%. Using 
Cd(OH), and Lloyd’s reagent the latter workers obtained 
a mean recovery of 93%. 

From these data it is evident that with some methods of 
preparing protein-free filtrates the recovery of creatinine 
added to plasma or serum is considerably less than the 
recovery of creatinine added to protein-free filtrates. 
Camara, Arn, Reimer & Newburgh (1951) suggested that 
this results from the retention of creatinine on the pre- 
cipitated protein. Lauson (1951) examined this pheno- 
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Table 3. Recovery of creatinine using various types of tungstate filtrates 


Abbreviations for methods of creatinine determination. Chr., total chromogen; L.R., Lloyd’s reagent; NC-B, NC- 


bacteria. 
Mean recovery of creatinine 
(various authors) 
Sodium Sulphuric From 
Plasma tungstate acid Mean pH = Method of plasma From 
or serum Water (10%, w/v) (0-66N) (present creatinine orserum filtrates 
(vol.) (vol.) (vol.) (vol.) authors) determination (%) % References 
1-0 1-5 0-5 1-0 1-58 Chr. 100 —_ (1) 
(method IT) Chr. 100 98 (3) 
Chr. 99 = (4) 
L.R. 100 - (4) 
Chr. 100 — (5) 
Chr. 100 104 (6) 
L.R. 98 104 (6) 
NC-B 100 ne (6) 
1-0 2-0 1-0 1-0 2-52 Chr. 78 99 (3) 
Chr. 88 - (4) 
L.R. 81 es (4) 
1-0 7-0 1-0 1-0 2-62 Chr. 88 100 (2) 
Chr. 85 96 (3) 
Chr. 90 — (4) 
L.R. 91 doe (4) 
2-0 0-5 0-5 4-00 Chr. 90 -- (1) 
Chr. 78 95 (2) 
Chr. 86 98 (5) 
3-0 0-5 0-5 4-06 Chr. 89 100 (6) 
costed I) L.R. 94 100 (6) 
NC-B 91 100 (6) 
Chr. 97 ia (4) 
L.R. 94 a (4) 
8-0 0-5 0-5 Chr. 94 100 (3) 


References: (1) Brod & Sirota (1948), (2) Camara et al. ees (3) Haugen (1953), (4) Mandel & Jones (1953), (5) Roscoe 


(1953), (6) Present authors. 


menon further, comparing direcily the recovery of creatinine 
added to plasma with the recovery from ‘neutral’ tungstate 
filtrates of the same plasma and found the recovery from 
plasma was on the average 94% (90-98%) of that from the 
filtrates. He noted that the recovery from plasma varied 
with the plasma protein concentration, in that the recovery 
from plasma with a low protein concentration was less than 
that from a plasma with a high protein concentration. This 
finding is apparently contrary to the conclusions of Camara 
et al. and suggests that any adsorption of creatinine on the 
precipitated protein is not dependent solely on the amount 
of the precipitate present. 

Recoveries of creatinine obtained by the present 
authors. We have examined the recovery of creatin- 
ine added to serum and to serum filtrates, using in 
each case filtrates prepared by methods I (‘neutral’) 
and II (‘acid’). Creatinine was determined as the 
total chromogen; using the NC-bacteria; and using 
Lloyd’s reagent. The mean recoveries of creatinine 
added to serum by all methods at all levels of added 
creatinine were higher with ‘acid’ filtrates than with 
‘neutral’ filtrates. The recovery of creatinine added 
to serum filtrates tended to be slightly higher with 
‘acid’ filtrates (Table 4). 

The effect of the pH of the filtrate on the recovery 
of creatinine added to serum or to filtrates was 
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Fig. 4. Effect of pH of serum filtrate on the recovery of 
creatinine added to (A) serum, (B) serum filtrate. 


further examined by adding various amounts of 
sulphuric acid to the protein-precipitating mixture 
and determining the recovery of added creatinine. 
Minimum recovery from serum was obtained when 
filtrates with pH values between 3 and 4 were used 
(Fig.4A). Recoveries of creatinine added to filtrates 
averaged 100% and were independent of pH 
except in filtrates with pH less than 2 in which 
recoveries tended to be slightly greater than 100% 
(Fig. 4B). 
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Mean recovery as percentage of added creatinine. Values-+are s.p. The no. of determinations is in parentheses. For 


small numbers of determinations, the range is shown. 
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Table 4. Recovery of creatinine 





Recovery (%) 





mg./100 ml. Total chromogen NC-bacteria Lloyd’s reagent 
Creatinine added: 
to serum, using ‘neutral’ 1-0 88-8 + 2-8 (14) 90-8+3-7 (6) 93-9+ 1-9 (6) 
filtrates 10-0 91-5, 86-97 (4) — - 
100-0 92-0, 88-97 (4) -- — 
to serum, using ‘acid’ filtrates 1-0 99-7 +3-9 (12) 100-0+6-8 (6) 97-6+2-4 (6) 
10-0 96-7, 94-99 (4) — _ 
100-0 96-3, 94-98 (4) -- _ 
to ‘neutral’ filtrates 0-20-0-40 100-0, 95-102 (5) = 99-9, 97-102 (7) 
to ‘acid’ filtrates 0-20-0-40 103-8, 99-108 (6) --- 103-8, 100-108 (4) 
to diluted urines 0-10 100-9, 97-110 (13) 101-4, 95-106 (7) 99-2, 96-105 (5) 


When the mean recoveries of creatinine added to 
plasma or serum reported by various authors are 
arranged according to the pH of filtrates (as deter- 
mined in the present investigation), there is the 
same tendency for the recovery to be minimal at 
a pH intermediate between that of filtrates pre- 
pared by methods I and II (Table 4). 

Three explanations can be offered for the finding 
of higher recoveries of creatinine added to serum 
when ‘acid’ filtrates are used. 

(1) Since the optical density of alkaline creatinine 
picrate is increased when the colour is developed in 
a medium originally acid, and the colours developed 
in ‘acid’ serum filtrates were compared with those 
developed from standard creatinine solutions in 
water, the increment in colour density (i.e. the 
apparent recovery) is greater the more acid the 
serum filtrate. In other words, the different re- 
coveries given with ‘acid’ and ‘neutral’ filtrates 
are apparent and not real. 

(2) Loss of creatinine may occur as a result of 
adsorption on the precipitated protein. 

(3) Roscoe (1953) suggested that creatinine was 
modified in some way during the precipitation of 
protein so that the optical density of the alkaline 
creatinine picrate was reduced, claiming that 
recoveries from ‘neutral’ filtrates were increased if 
the filtrate was diluted before development of the 
colour. 

We have not been able to confirm this finding of 
Roscoe and, furthermore, the recovery of large 
amounts (10 and 100 mg. creatinine/100 ml.) added 
to serum, which necessarily involves considerable 
dilution of the filtrates, still gave mean recoveries of 
only 92% when ‘neutral’ filtrates were used. 

It would seem likely, however, that both factors 
involved in the first and second explanations may 
contribute to the observed difference in recoveries. 
The first is undoubtedly responsible for the part of 
the increased recovery noted when creatinine is 
determined as total chromogen and is consistent 





with the observation that recovery from an ‘acid’ 
filtrate is frequently greater than 100% (Table 4 
and Fig. 4). However, the acidity of the filtrate 
cannot be solely responsible for the increased 
recoveries obtained since, with Lloyd’s reagent, the 
colours in the eluates are all developed under the 
same conditions and still the ‘acid’ filtrates give 
better recoveries than the ‘neutral’ filtrates. We 
consider, therefore, that loss of creatinine by 
adsorption on the protein precipitate does occur, as 
was originally suggested by Camara et al. However, 
because of the difficulty of obtaining the protein 
precipitate sufficiently free from filtrate, it was not 
found possible to test this suggestion directly. 

The direct dependence of the recovery of creatin- 
ine added to plasma on the protein concentration 
of the plasma, as reported by Lauson (1951), is 
consistent with our findings, for decrease in the 
plasma protein concentration causes a decrease in 
the pH of the filtrate and, provided this is still 
above the value giving a minimum recovery, there is 
decreased recovery (Fig. 4A). 

In contrast to recoveries from plasma or serum, it 
is generally agreed that the recovery of creatinine 
added to normal urine is quantitative, and this is 
suggestive in relation to the possible immobilization 
of creatinine in serum as a precipitable protein 
complex. Our recoveries of creatinine added to 
diluted urine are given in Table 4. 


Creatinine content of plasma or serum as 
determined by different methods 


In addition to the factors already considered, the presence 
of non-creatinine chromogen must be taken into account, 
and relevant to this may be the method of preparation of 
protein-free filtrates. 

Ferro-Luzzi (1934) and Ferro-Luzzi, Saladino & Santa- 
mama (1935) reported that zinc hydroxide filtrates of 
plasma contained less total chromogen than ‘neutral’ 
tungstate filtrates, which Danielson (1936) reported to 
contain essentially the same amount of chromogen as 
ultrafiltrates (We have confirmed this with both results 
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expressed as mg. creatinine/100 ml. of plasma). Smith, 
Finkelstein & Smith (1940) reported that picric acid filtrates 
contained less total chromogen than ferric carbonate 
filtrates. Brod & Sirota (1948) reported that ‘neutral’ and 
‘acid’ tungstate filtrates contained the same amount of 
total chromogen, although the recoveries of creatinine 
added to plasma using these filtrates were 90 and 100% 
respectively. Camara et al. (1951) reported that 1 in 4 
‘neutral’ tungstate filtrates contained 21% more total 
chromogen than | in 10 filtrates similarly prepared; the 
recoveries of creatinine added to plasma, however, were 
only 78 and 88 % respectively. 

Haugen (1953) determined the total chromogen content 
of sera, using different tungstate filtrates, and found the 
mean values obtained with three ‘neutral’ filtrates were 
practically the same as with ‘acid’ filtrates but these mean 
values bore no consistent relation to the different mean 
recoveries obtained for creatinine added to serum using the 
respective filtrates. Moreover, he found the rate of colour 
development differed with different filtrates and concluded 
that they contained different amounts of non-creatinine 
chromogen. 

Determinations using the allegedly specific methods have 
shown, however, that varying amounts of non-creatinine 
chromogen are only partly responsible for differences in the 
total chromogen content (Miller & Miller, 1951; Mandel & 
Jones, 1953). 


Comparative anaiyses by the present authors 


We have made comparative determinations in 
‘neutral’ and ‘acid’ filtrates of sera, determining 
‘creatinine’ as total chromogen, with NC-bacteria 
and with Lloyd’s reagent (Table 5). Since all the 
sera were not analysed by all three methods the 
figures in this table can be used only to compare 
‘acid’ and ‘neutral’ filtrates. There was no difference 
between the mean value for total chromogen in 
‘acid’ filtrates and in ‘neutral’ filtrates. Since, 
however, the optical density of alkaline picrate 
and alkaline creatinine picrate depend upon pH, 
the total chromogen contents of a further series of 
sera were determined, the ‘acid’ filtrates being 
adjusted to pH 7 before addition of alkaline picrate. 
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The mean value for the total chromogen content 
using neutralized ‘acid’ filtrates was 5% (2-13 %) 
higher than when ‘neutral’ filtrates were used. 

Using the NC-bacteria, the difference between the 
chromogen content before and after incubation 
with the bacterial suspension was 17% lower in 
‘acid’ filtrates, which had been adjusted to pH 7 
with sodium hydroxide to obtain the correct pH for 
the bacterial activity, than in ‘neutral’ filtrates. 
In this series the total chromogen in the ‘acid’ 
filtrates was determined without prior neutraliza- 
tion and the figures should therefore be increased 
by 5% on the average. If this correction is made, 
however, the creatinine content of the ‘acid’ 
filtrates still appears to be significantly lower than 
that of the ‘neutral’ filtrates (mean corrected ratio 
0-88). 

Using Lloyd’s reagent, the chromogen adsorbed 
on this reagent and eluted by the alkaline picrate 
was 5% higher in ‘acid’ filtrates than in ‘neutral’ 
filtrates, and this difference was statistically signi- 
ficant (P<0-05). This suggests that the total 
chromogen ratio (1-05) for ‘acid’ and ‘neutral’ 
filtrates is due to a difference in creatinine content 
and supports the idea of adsorption of creatinine on 
precipitated protein. 

In certain sera all three techniques were applied 
to both ‘acid’ and ‘neutral’ filtrates. On com- 
paring the results, it was evident the ‘creatinine’ 
content determined by the NC-bacteria or with 
Lloyd’s reagent was always less than the total 
chromogen content (Table 6). Comparing the two 
‘specific’ methods, it appeared that the mean 
‘creatinine’ content obtained with the NC-bacteria 
in ‘neutral’ filtrates was 5% lower than that ob- 
tained with Lloyd’s reagent, but this difference was 
not statistically significant. In ‘acid’ filtrates the 
mean value obtained with the NC-bacteria was 18 % 
(corrected 13%) lower than that obtained with 
Lloyd’s reagent. This difference, due to the apparent 
smaller ‘creatinine’ content of ‘acid’ filtrates as 


Table 5. ‘Creatinine’ content of normal serum. Comparison of ‘neutral’ and ‘acid’ filtrates 


Results expressed as means +s.D. No of observations in parentheses. These means can be used only to compare 
‘neutral’ and ‘acid’ filtrates, since sera were not always analysed by all three methods. 


NC-bacteria 


Total non-creatinine 
chromogen chromogen 
(a) (b) (a-b) Lloyd’s reagent 
Filtrate (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) (mg./100 ml.) 
‘Neutral’ 0-886 + 0-173 0-185 -+0-057 0-715+0-116 0-716+0-082 
(14) (8) (8) (10) 
* Acid’ 0-874+0-189 0-267 +0-071 0-601 +0-154 0-756 + 0-086 
(14) (8) (8) (10) 
; * Acid’ 1-02 +0-019 0-695 + 0-073 0-835 -+0-124 1-05 +0-052 
Ratio: Neutral’ (14) (8) (8) (10) 
P<05 P<0-01 P<0-05 P<0-05 


P =probability of mean ratio differing from 1-0 by chance alone. 
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determined with NC-bacteria and to the apparently 
larger ‘creatinine’ content obtained with Lloyd’s 
reagent, was statistically significant. 

The anomalous finding of a greater proportion of 
non-creatinine chromogen, determined by the 
NC-bacteria, in ‘acid’ filtrates than in ‘neutral’ 
filtrates, was investigated further by determining 
the chromogen content of ‘neutral’ and ‘acid’ 
filtrates prepared from plasma or serum which had 
been dialysed for 6 days against running tap-water. 
In some cases creatinine was added to the serum or 
plasma before dialysis. The chromogen content was 
determined as total chromogen, with the NC- 
bacteria and with Lloyd’s reagent. Results are 
shown in Table 7. 

The values for mean total chromogen content 
were slightly less than the mean non-creatinine 
chromogen normally present in serum as given by 
the difference between the value obtained with 
Lloyd’s reagent and the total chromogen content. 
Using the NC-bacteria, the mean non-creatinine 
chromogen content was practically identical with 
that obtained with undialysed sera (Table 5). 

Since the total chromogen values obtained in the 
dialysis residues from serum and plasma to which 

























in parentheses. 
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NC-bacteria 
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creatinine had been added were practically the same 
as those from plasma or serum without added 
creatinine, and since none of this chromogen was 
destroyed by the NC-bacteria it was concluded that 
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/ 


none of the non-dialysable chromogen present in | 


these filtrates was, in fact, creatinine. 


The finding of identical amounts of total chromo- | 


gen in ‘neutral’ and in unneutralized ‘acid’ 
filtrates is in agreement with the findings of Brod & 


Sirota (1948) and of Haugen (1953), although thisis | 


apparently inconsistent with the increased re- 
coveries of creatinine obtained when ‘acid’ filtrates 
are used. 

We suggest that this is due to the interaction of 
three factors: (1) the ‘blank’, i.e. the optical density 
due to alkaline picrate is really less when the latter is 
added to ‘acid’ filtrates than to creatinine standard 
solutions or to ‘neutral’ filtrates (Table 1); (2) a 
given amount of creatinine produces with alkaline 
picrate a greater optical density when present in an 
‘acid’ than in a ‘neutral’ filtrate (Table 1); (3) an 
‘acid’ filtrate from serum actually contains about 
5% more creatinine than a ‘neutral’ filtrate of 
the same serum, as the recovery experiments 
indicate. 


Table 6. ‘Creatinine’ content of normal serum. Comparison of methods 


Results expressed as mean ratio (+8.D.) of ‘creatinine’ content as determined by different methods. No. of observations 


Ratios 
ee 


: 
Lloyd’s reagent NC-bacteria 















Filtrate Total chromogen 
‘Neutral’ 0-78+0-051 
(10) 
P<0-01 
‘ Acid’ 0-67 + 0-126 
(8) 
P<0-01 


Total chromogen Lloyd’s reagent 


0-81+0-039 0-95 + 0-087 
(10) (12) 
P<0-01 P<03 
0-87 + 0-038 0-82 +0-097 
(10) (8) 
P<0-01 P<0-05 


P=probability of mean ratio differing from 1-0 by chance alone. 


Table 7. Chromogen in dialysed serum or plasma 


Results in terms of creatinine/100 ml. dialysed serum or plasma. 


Chromogen (mg./100 ml.) 
_. 























0-13 





Mean 





aie = 
Total ‘Neutral’ filtrate ‘Acid’ filtrate 
protein c A . - A x 
(N x 6-25; Total NC- Lloyd’s Total NC- Lloyd’s 
Material g./100 ml.) chromogen __ bacteria reagent chromogen bacteria reagent 
Serum A 3-1 0-14 _ 0-08 0-14 _- 0-04 
Serum B 4-4 0-16 0-18 0-06 0-17 0-30 0-04 
Serum C 5-1 0-16 _ 0-00 0-10 _ 0-00 
Serum C +10 mg./100 ml. 4-8 0-10 — 0-00 0-08 -- 0-00 
creatinine 
Serum C +20 mg./100 ml. 5-0 0-16 _— 0-00 0-20 — 0-00 
creatinine 
Plasma D 4-5 0-09 0-15 0-05 0-13 0-25 0-06 
Plasma D +10 mg./100 ml. 4-4 0-13 0-20 0-06 0-16 0-23 0-05 
creatinine 


0-04 0-14 0-03 
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When the effect of the acidity is removed either 
by neutralization of the ‘acid’ filtrates or by 
adsorption of the creatinine on Lloyd’s reagent, the 
values for the total chromogen and ‘creatinine’ 
contents, respectively, are higher in the ‘acid’ 
filtrates, and this is consistent with the higher 
recoveries found using these filtrates. 

The multiplicity of the factors involved makes it 
very difficult to draw definitive conclusions as to 
the technique which can be regarded as specific and 
accurate. It is clear that the NC-bacteria are 
capable of destroying creatinine completely and 
that Lloyd’s reagent can adsorb creatinine quanti- 
tatively. It is also clear, from recovery experiments, 
that the ‘acid’ filtrate is preferable to the ‘neutral’. 
On this basis it would seem that either of the specific 
techniques applied to an ‘acid’ serum filtrate should 
give reliable results. The two methods do, in fact, 
give significantly different results and this seems to 
be due chiefly to the anomalous behaviour of the 
NC-bacteria which show apparently greater quanti- 
ties of non-creatinine chromogen in ‘acid’ filtrates 
from which the creatinine has been removed by the 
bacterial action and in ‘acid’ filtrates of dialysed 
serum from which the creatinine has already been 
removed. On the whole, therefore, it is fair to accept 
the Lloyd’s reagent technique applied to ‘acid’ 
filtrates as giving the more accurate estimate of the 
true creatinine present. This technique has also the 
additional advantage of greater simplicity, and the 
reproducibility of results is very good. The standard 
deviation of determinations on twelve samples of 
one serum containing 0-85 mg./100 ml. creatinine 
was 1-5%. 


Comparison of chromogen contents of urine 
determined by different methods 


The chromogen contents of twelve diluted urines 
were also examined using the three methods. The 
mean ‘creatinine’ content, determined with the 
NC-bacteria, was 229 pg./100 ml., i.e. 3% lower than 
the mean total chromogen content (235 pg./100 ml.), 
the mean ratio of the respective values being 0-97; 
this difference was statistically significant. The 
mean ‘creatinine’ content determined with Lloyd’s 
reagent was 223 yg./100 ml., 6% lower than the 
total chromogen content, the mean ratio being 0-95; 
this difference was also statistically significant. 

The mean creatinine content determined with 
Lloyd’s reagent was 3% lower than the mean 
creatinine content determined by the NC-bacteria, 
the mean ratio being 0-98. The difference between 
these results was not, however, statistically 
significant. 


CONCLUSIONS 


An examination of the Jaffé reaction has shown that 
the time and temperature of the colour develop- 
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ment and measurement, and the pH of the medium 
must be carefully controlled. Using the alkaline 
picrate reagent of Folin & Wu the optical density of 
the colour obtained after 20min. at 20° and 
measured at a wavelength of 520 mu. is directly 
proportional to the amount of creatinine present, 
up to a concentration of 400 pg./100 ml. 

The optical density of alkaline picrate and of 
alkaline creatinine picrate is dependent on the pH 
of the final solution. Since the pH of serum filtrates 
varies according to the method of preparation, it is 
necessary, for the accurate determination of 
‘creatinine’ in these media, that the spectrophoto- 
meter be calibrated with standard solutions of 
creatinine of similar titratable acidity, or, more 
conveniently, that the serum filtrates be neutralized. 

The recovery of creatinine added to plasma or 
serum is influenced by the pH at which the protein- 
free filtrate is prepared and is minimal (85-90%) 
with filtrates having a pH of about 3-5. When the 
filtrate pH is below 2-0 recovery is quantitative. 
On the other hand, provided allowance is made for 
the effect of the acidity of the filtrate on the colour 
densities, the recovery of creatinine added to serum 
filtrates is independent of the pH and is always 
virtually 100%. Similarly, recoveries of creatinine 
added to urine are independent of the method used 
and are also virtually 100%. The importance of 
preparing the serum filtrate so that its pH is below 
2-0 is thus evident ; the incomplete recovery at higher 
pH levels is believed to be due to adsorption of 
creatinine by the precipitated protein. 

When the Jaffé reaction is applied to the determi- 
nation of creatinine in plasma, serum, or urine, 
allowance must be made for the presence of non- 
creatinine chromogens. Using the NC-bacteria or 
Lloyd’s reagent the creatinine content of serum 
filtrates, or of diluted urines, is lower than the total 
chromogen content by a statistically significant 
amount. Neither of the two methods, however, is 
entirely satisfactory. 

The adsorption method, using Lloyd’s reagent, 
while improving the specificity, also eliminates the 
effect of the acidity of the filtrate and, possibly, the 
effect of other filtrate constituents, on the colour 
due to. creatinine. However, experiments using 
dialysed plasma or serum suggest that a little non- 
creatinine chromogen present in filtrates can be 
adsorbed on Lloyd’s reagent. 

The use of the NC-bacteria also improves the 
specificity, but the NC-bacteria can destroy possible 
interfering chromogens other than creatinine, e.g. 
pyruvic acid. Moreover, since the non-creatinine 
chromogen is reported to have an inhibiting effect 
on colour development (Lauson, 1951) it may not 
be strictly correct to subtract the non-creatinine 
chromogen content determined with the NC- 
bacteria from the total chromogen content in order 
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to obtain the true creatinine content. With ‘acid’ 
filtrates, however, the NC-bacteria give apparently 
anomalous results. 

It is concluded that the use of Lloyd’s reagent 
with procedures which give ‘acid’ filtrates of 
plasma or serum, or with diluted urine, provides, at 
present, the most satisfactory method for the 
determination of the creatinine content of these 
fluids. 


Recommended procedure for determination of 
creatinine in serum or urine using Lloyd’s reagent 


To serum (2vol.) are added water (3 vol.), 
sodium tungstate (1 vol.) and sulphuric acid (2 vol.). 
After thorough mixing the mixture is allowed to 
stand for 30min., and then filtered through a 
Whatman no. | filter paper. 

Filtrate (5-0 ml.) and oxalic acid (0-5 ml.) are 
added to a conical centrifuge tube containing 98— 
102 mg. Lloyd’s reagent previously tested for 
efficiency. Oxalic acid is essential with standard 
creatinine solutions and diluted urines. It is 
probably not necessary with ‘acid’ filtrates as 
prepared by the above method since pH is already 
sufficiently low. The tube is stoppered and shaken 
intermittently for 10 min. The tube is then centri- 
fuged at high speed for 10 min. The supernatant 
fluid is decanted and the tube containing the packed 
sediment inverted over a filter paper until thoroughy 
drained. 

A water blank and two standard creatinine 
solutions (200 pg./100 ml. and 400 p»g./100 ml.) are 
included with each batch and are treated as filtrate. 
Diluted urine is treated likewise. 

Alkaline picrate is prepared immediately before 
use by adding 5-5 ml. sodium hydroxide to 27-5 ml. 
picric acid and making the volume up to 100 ml. 
with water. 

Alkaline picrate (7-5 ml.) is added to the conical 
centrifuge tube and the packed sediment loosened 
with a glass rod. The tubes are stoppered, shaken 
intermittently for 10 min., and then centrifuged at 
high speed for 10 min. The tubes are then placed in 
a water bath at 20° until the contents attain this 
temperature. 

The optical densities of the supernatant fluid are 
measured in the Unicam SP 500 or Unicam SP 600 
spectrophotometer at a wavelength of 520 mu. 
using 20 mm. cells. All optical densities are read 
against air. A calibration curve is constructed from 
the readings obtained from the standard creatinine 
solutions. 


SUMMARY 


1. The application of the Jaffé reaction to the 
determination of creatinine in serum, plasma and 
urine has been examined. 
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2. The conditions under which the colour is 
developed must be carefully controlled. The effect of 
PH is of particular importance. 

3. Both the ‘apparent’ creatinine content of 
serum and the recoveries of creatinine added to 
serum are influenced by the method of protein 
precipitation. 

4. The use of the NC-bacteria or of Lloyd’s 
reagent increases the specificity of the determi- 
nation. 

5. The methods using NC-bacteria or Lloyd's 
reagent indicate that the non-creatinine chromogen 
constitutes 20 and 5% of the total chromogen 
present in serum filtrates and diluted urines, 
respectively. 

6. It is concluded that the use of Lloyd’s reagent 
with procedures which give ‘acid’ filtrates of plasma 
or serum (pH < 2-5), or with diluted urine, provides, 
at present, the most satisfactory method for the 
determination of the creatinine content of these 
fluids. 


We are greatly indebted to Professor R. Dubos for the 
gift of the NC-bacteria, and to Dr J. H. Bowie for providing 
facilities for their culture. We have also to thank Dr H. N. 
Haugen for the gift of the Lloyd’s reagent used in this 
investigation. The participation of one of us (B. I.) was made 
possible by a grant from the Advisory Committee on 
Medical Research (Scotland). 
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Further Observations on Factors Influencing the 
Utilization of Citrate by Yeast 


By M. W. WHITEHOUSE, P. W. KENT, R. A. PETERS anv E. C. FOULKES 
Department of Biochemistry, University of Oxford, 
The May Institute for Medical Research, Cincinnati, U.S.A. 


(Received 6 February 1954) 


Evidence presented previously (Foulkes, 1951, 
1953) showed oxidation of citrate by particulate 
enzyme systems from Saccharomyces cerevisiae to 
be activated by Mg?* ions and a dialysable factor, 
citrate oxidation factor (COF), present in boiled 
yeast juice; this factor behaved as a weak base 
toward anionic exchange resins and its nature has 
now been further investigated. 


METHODS 


Preparation of aqueous extracts of yeast(A). Extracts were 
prepared as follows: weighed quantities (300 g.) of fresh 
whole yeast (Distillers’ Co. Ltd., 20-21 St James Square, 
S.W. 1) washed twice with 0-85% (w/v) saline, were sus- 
pended in water (1:1) and heated to boiling for 5 min. The 
debris was removed by centrifuging at 200g and washed 
once with water. The combined supernatant and washings 
were concentrated at pH 7 by freeze-drying, in the presence 
of phosphate buffer (50 ml., 0-I1m, Na,HPO,+KH,PO,, 
13:7). Change of pH during concentration of unbuffered 
preparations reduced the activity of the product in stimu- 
lating citrate oxidation. The active concentrate (A) was 
a yellow gum containing uracil, citric acid, nucleotides, 
amino acids and ammonium salts; and for the purposes of 
assay it was dissolved in 20 ml. of water. 

Preparation of yeast enzymes. Washed yeast, 5-6 g., was 
fragmented by being shaken with 0-9 % (w/v) KCl (4 ml.) as 
described by Foulkes (1951). The cellular debris was 
separated by centrifuging at 1200 g. The enzyme prepara- 
tion was free from citrates and ammonium salts after 
dialysis in cellophan for 4-5 hr. 


Assay of factors stimulating citrate oxidation. The same 
assay system was employed as described by Foulkes (1953) 
except that MgCl, was replaced by MgSO, (0-1 ml., 0-5%, 
w/v). Incubation was continued for 40 min. at 37° and the 
pH value determined before the addition of trichloroacetic 
acid or ethanol. 

Analytical methods. The centrifuged denatured incubation 
mixture (0-2 ml. or 0-4 ml. as required) was used for citrate 
analysis (Pucher, Sherman & Vickery, 1936; Buffa & Peters, 
1950). The ammonium ion concentration was determined by 
distillation of the liberated ammonia at pH 8-6. 


RESULTS 
Activity of aqueous extracts of yeast 


Preliminary experiments confirmed that the 
enzyme preparation was able to oxidize citrate 
(6 zmoles/40 min.) and that this value was increased 
(8-9 zmoles/40 min.) by the addition of the aqueous 
extract A described above and by the fractionated 
product (V.280) described by Foulkes (1951, 1953). 
Chromatographic analysis showed that the stimu- 
latory concentrate A contained several amino acids, 
uracil, nucleotides and ammonium salts. The 
influence of the following compounds on citrate 
oxidation was therefore examined severally: 


L-glutamic acid, L-glutamine, L-asparagine, DL- 
alanine, nicotinamide (slight activity), glycine, L- 
tyrosine, DL-aspartic acid, D-glucosamine, urea 
(inactive). The only compounds in our experiments 
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significantly accelerating the disappearance of 
citrate were ammonium salts, diphosphopyridine 
nucleotide (DPN) and triphosphopyridine nucleo- 
tide (TPN). In contrast to Foulkes’s results, it was 
not found necessary to add adenosine triphosphate 
(ATP) to the test system. 


Effect of added ammonium salts on citrate oxidation 


Addition of 30 zmoles ammonium salts (sulphate, 
chloride, carbonate or sulphamate) resulted in the 
complete utilization of citrate (10 moles) by the 
enzyme system. The effect of added ammonia at 
two levels of concentration on citrate oxidation is 
shown in Table 1. From this it appears that, 
between pH 6-5 and 7-1, a quantitative relationship 


Table 1. Effect of ammonia on citrate oxidation 
by disintegrated yeast cells 


For details see text. 10ymoles of citrate were present 
initially. In Expt. 1 the control preparation metabolized 
7-3 umoles citrate, and in Expt. 2, 6-3 umoles. 


Increase 
in citrate 
Ammonia Final metabolism 
added pH after due to NH, 
(umoles) incubation (umoles) 
Expt. 1 
None 6-42 0-0 
10-0 7-04 = 
4-0 6-88 2-5 
2-0 6-48 2-0 
1-0 6-42 1-1 
0-4 6-58 0-5 
Expt. 2 
— 6°85 0-0 
300 6-98 0-2 
60 6-90 3-5 
15 7-02 3-6 
3 7-02 2-2 
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exists between the amount of ammonia added and 
the increase in the amount of citrate metabolized. 
High concentrations of ammonium ion (0-15m), 
however, inhibit the oxidation of citrate (Table 1). 

Hydroxylamine and methylamine hydrochlorides 
did not stimulate citrate oxidation in comparable 
concentrations under conditions in which ammonium 
salts were active. 


Ammonium content of yeast and yeast extracts 


The active extracts so far examined contained 
ammonium salts in the following concentrations: 
yeast extract A 0-0145N, an earlier fractionated 
preparation (V. 280) 0-060 and an active prepara- 
tion B made according to the directions of 
Foulkes (1953), 0-88N-NH,+. Yeast cells (D.C.L.) 
contained 20 mg./100 g. (dry weight) of ammonium 
ion. 

Addition of the partially fractioned extracts 
(V.280 and B) tothe enzyme system stimulated the 
uptake of citrate in the same way as an equivalent 
amount of an ammonium salt (Table 2). The un- 
fractionated extract A, however, was considerably 
more active in this respect than could be accounted 
for on the basis of its content of ammonium salts 
(Table 2), and this is believed to be due to the 
presence of TPN and DPN believed to be present in 
the extract on the basis of ultraviolet absorption 
and precipitation with silver nitrate. 


Action of nitrous acid and silver ions on 
unfractionated yeast extract A 


Extract A (1 ml.) was mixed with KH,PO, 
(1 ml., 0-1N), the pH was adjusted to 5-2 with acetic 
acid and 0-2 ml. sodium nitrite (0-75M) was added. 
After 3hr., 1ml. of the resulting solution was 
treated with 0-2 ml. urea (0-17M) and allowed to 


Table 2. Comparison of activities of crude boiled-yeast extracts with those of equivalent amounts 
of ammonia on citrate metabolism 


Details of enzyme preparation given in text. 
Expt. 2. 


20 umoles oi citrate were present initially in Expt. 1, and 30 moles in 


Amount 
Citrate of citrate 
Ammonia metabolized metabolized 
Additions (umoles) (umoles) above control 
Expt. 1 
None -- 12-6 _ 
0-2 ml. yeast extract A* 2-9 23-8 11-2 
0-4 ml. yeast extract A* 5-8 30-2 17-6 
0-2 ml. 0-0146N-NH,Cl 2-9 154 2-9 
0-4 ml. 0-0146N-NH,Cl 5-8 17-5 5-0 
Expt. 2 
None — 14-4 — 
0-2 ml. extract B (10 times diluted) 17-6 23-3 8-9 
0-2 ml. 0-084.N-NH,Cl 16-8 23-3 8-9 
0-2 ml. yeast extract V. 280 12-0 7 7:3 
0-2 ml. 0-063 n-NH,Cl 12-6 22-0 7-6 


* Containing 32-5 moles of citrate/ml. taken into account in computing the total amount of citrate metabolized. 
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stand for 24 hr. The pH values of this and the 
remaining nitrite-treated solution were adjusted to 
7:2 by addition to each of 0-8 ml. Na,HPO, (0-1™) 
and solid K,CO,;. Deamination of extract A 
resulted in a decrease (Table 3) in the stimulatory 
action on citrate oxidation, equivalent to the amount 
; of ammonium salt present (3-2 zmoles). Under these 
| conditions nicotinamide and its derivatives are not 
| deaminated (Schlenk, Hellstrém & von Euler, 
| 1938). Previous reports (Foulkes, 1953) that no 
reduction in activity of yeast extracts follows after 
deamination with nitrous acid, may be attributed 
to the use of ammonium sulphamate to remove 
unchanged nitrous acid. 

Addition of silver nitrate to yeast extract A 
resulted in precipitation of DPN and TPN. The 
resulting solution (freed from silver ions by addition 
of 1ml. 1:53N-KCl) contained ammonium salts 
(3-6 zmoles) and its activity in stimulating citrate 
oxidation (3-5 moles) was accountable on that 
basis (Table 4). 


Formation of glutamic acid 


Estimation of the residual ammonia concentra- 
tion in the assay system, both in the presence and 
absence of semicarbazide, showed that the dis- 
appearance of ammonia was equivalent to the 
increased quantity of citrate oxidized. In the 
presence of ammonia, glutamic acid was produced. 
This was shown by paper chromatographic analysis 
(n-butanol-acetic acid—water; 4:1:5, by vol.) of 
samples of the incubation mixtures denatured with 
ethano!. The spots developed with ninhydrin were 
excised and eluted with water (1 ml.) and the 
coloration was measured on a Spekker absorptio- 
meter at 570 mu. (Table 5). 


Effect of other activators and inhibitors 


ATP was found to increase only slightly the oxida- 
tion of citrate by dialysed enzyme preparations, but 
the possibility that the ATP added was a source of 
ammonium ion, either by contamination or de- 
amination, cannot be excluded. Ethylenediamine- 
tetraacetate (used as the sodium salt) and 8- 
hydroxyquinoline were without effect on the activity 
of boiled yeast preparations. Both semicarbazide 


~ 
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(see Table 5) and cyanide ions inhibited the 
ammonia-stimulated citrate oxidation. 

As has been described for other systems (Beinert 
et al. 1953) addition of sodium salts or substitution 
of potassium chloride by sodium chloride resulted in 
a reduction of the amount of citrate oxidation, both 
with and without added ammonium ion. 


DISCUSSION 
While it has been confirmed that the complex 
mixture of substances present in boiled yeast 
extracts stimulates the oxidation of citric acid by 
yeast enzymes, the major effect is due to the DPN 
or TPN and ammonia. The residual activity 
(approx. 25%) after precipitation of nucleotides 
with silver ions and the activity of fractions 
previously described has been traced to the influence 


Table 3. Effect of deamination with nitrous acid 
on activity of boiled yeast extracts 
20 umoles of citrate were added initially. Extract A 


(diluted fourfold) contained 8-lpmoles of citrate. The 
control preparation metabolized 6-8 wmoles of citrate. 


Amount 
citrate 
Ammonia metabolized 
present above control 
Additions (umoles) (umoles) 
1-0 ml. diluted yeast 3-6 11-6 
extract A 
1-0 ml. diluted yeast 0-0 5-7 
extract A +NOz 
1-0 ml. diluted yeast 0-0 8-2 


extract + NOz + urea 


Table 4. Effect of precipitation with silver ions 
on activity of boiled yeast extracts 


20 umoles of citrate added initially. The control meta- 
bolized 6-0 umoles of citrate. The yeast extract A contained 


4-0 umoles of citrate/ml. 
Amount citrate 
metabolized 
above control 


Additions (umoles) 
1-0 ml. diluted yeast extract A 15-2 
1-0 ml. diluted yeast extract treated 3-5 
with AgNO, + KCl 
1-0 ml. water treated with AgNO, + KCl 0-7 


Table 5. Correlation of citrate metabolism, ammonia uptake and formation of glutamic acid 


Details of the enzyme preparation in text. 60 moles of citrate were present initially. 


(Rp 0-22 
Additions Spekker units 
; — 0-39 
NH,Cl (0-3 ml., 0-165m) 0-88 
NH,(Cl (0-3 ml., 0-165m) +semicarbazide HCl 0-54 





(0-2 ml., 0-25m) 
Semicarbazide HCl (0-2 ml., 0-25) _ 


Glutamic acid 


Increase 
Amount in citrate 
Tnitial ammonia Total metabolism 
NH, conc. utilized citrate due to NH, 
(umoles) (umoles) metabolized (umoles) 
0 0 29-5 0 
93 32-6 59-7 30-2 
93 12:8 42-5 13-0 
0 0 31-4 — 
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of ammonium salts present. These results, however, 
do not preclude the possibility that other substances 
may stimulate the system. It is realized that several 
observations reported in this communication are 
at variance with those in a previous paper from this 
laboratory (Foulkes, 1953). Many of these receive 
an explanation in the fact that ammonia proves 
active only between certain limits of concentration. 
The apparent failure to inactivate with nitrous 
acid was due to the addition of ammonium sulpha- 
mate after deamination. 

In the test system ammonia is actively removed 
in amounts equivalent to the increase in citrate 
disappearance and glutamic acid is formed. This is 
consistent with the suggestion (Krebs, 1952; Krebs, 
Gurin & Eggleston, 1952) that the presence of 
tricarboxylic acids in yeast is related to the supply 
of intermediates for synthetic processes. In yeast, 
two pathways for the conversion of isocitric acid 
into «-oxoglutarate have been recognized (Kornberg 
& Pricer, 1951) and the DPN-activated reductive 
amination of the latter to glutamic acid is well 
established (von Euler, Adler & Eriksen, 1937; 
Adler, Giinther & Everett, 1938). 

It is of interest that, under our experimental 
conditions at least, the relevant enzymes are 
associated with cell particles (cf. Nossal, 1954). 


SUMMARY 


1. The oxidation of citrate in particulate yeast 
preparations is stimulated by boiled yeast extract 
(citrate oxidation factor). This action has been 
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shown to be partly due to ammonium salts in whole 
boiled extract, and entirely due to ammonium salts 
in fractions of boiled extract described previously 
(Foulkes, 1953). 

2. Increased oxidation is accompanied by the 
combination of considerable amounts of ammonia, 
chiefly to form glutamic acid. 


We wish to thank Dr L. A. Stocken for supplying us with 
ATP and DPN and Mr R. C. Codnor of the M.R.C. Anti- 
biotics Research Station, Clevedon, for a large-scale pre- 
paration of yeast extract B. One of us (M.W.W.) is in- 
debted to the Medical Research Council for the award of 
a scholarship. 
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Differential Fractionation of Hydrogen Isotopes in Liver 
and Mammary Gland 


By R. F. GLASCOCK anp W. G. DUNCOMBE 
National Institute for Research in Dairying, University of Reading 


(Received 29 April 1954) 


The validity of the use of isotopes for tracer purposes 
depends on the assumption that molecules of 
normal and abnormal isotopic composition behave 
qualitatively and quantitatively in the same way. 
The possibility, however, that they might not do so 
because of mass differences received much attention 
after the discovery of deuterium in 1932. Thus 
Eyring & Sherman (1933) predicted on theoretical 
grounds that deuterium might react only half as fast 
as hydrogen in chemical reactions at ordinary tem- 
peratures, while Wheeler & Pease (1936) found that 


the rate of homogeneous reaction of hydrogen with 
ethylene at 500° was 2-5 times that of deuterium. 
More recently, differences in the rates of reaction of 
carbon isotopes have been observed (see review by 
Ropp, 1952). 

Early work on the effect of isotopes in biological 
processes was devoted mainly to examination of the 
gross physiological effects of heavy water on the 
intact organism (see review by Barbour, 1937). 
There is much contradictory evidence, but in general 
it may be concluded that concentrations of heavy 
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water above about 3 % interfere with the metabolic 
processes of many organisms, both plant and 
animal. Variations caused by deuterium in the rates 
of various enzyme reactions have been found (e.g. 
Sonderhoff & Thomas, 1936) and recently confirmed 
by Thorn (1951), who showed that succinic acid 
containing 77 atoms % D in the methylene groups 
was oxidized by a succinic oxidase preparation at 
40% of the rate of oxidation of normal succinic 
acid. Thorn emphasized that ‘although dilute 
solutions of D,O have no apparent effect on many 
biological processes, it cannot be assumed that 
deuterium follows the reactions of hydrogen at the 
same rate, nor does it follow that an enzyme will 
interact with a deuterated substrate in a manner 
identical with its normal substrate’. This possibility 
was recognized by Schoenheimer & Rittenberg 
(1936), who pointed out that the results of certain 
experiments could be interpreted quantitatively 
only if the rates of reaction of protium- and 
deuterium-containing molecules were known to be 
the same. 

It is impossible to ascertain whether this is so, 
however, when the amount of product formed 
during the course of an experiment is very small 
compared with the amount pre-existing in the 
experimental material: e.g. in the intact animal or 
even in tissue slices. Only in special cases, e.g. when 
a single cell is allowed to grow into a weighable 
amount of tissue in a medium of labelled water, is it 
possible to compare directly the utilization of light 
and heavy hydrogen. In nature, of course, all 
combined hydrogen is derived ultimately from 
water and hence, if fractionation can occur, the 
abundance of deuterium in combined hydrogen 
might be different from that normally found in 
water hydrogen. In spite of much work on the 
subject (see Kimball, 1949) such differences have 
never been detected although, as Thorn (1951) 
points out, variations of up to 3% in deuterium 
abundance would be within experimental error. 
It has therefore been concluded (e.g. Thompson, 
1951) that no appreciable fractionation of hydrogen 
isotopes occurs in biological systems. 

The difficulty of detecting fractionation in a 
biological system during the course of an experiment 
disappears when two tracer isotopes can be used 
simultaneously ; it is then possible to compare their 
relative abundances in substrate and product and 
from the difference, if any, to make at least an 
approximate estimate of the degree of fractionation 
of each isotope relative to ordinary hydrogen. 
Although it might be supposed that any compound, 
in whose synthesis the hydrogen of water is known 
to be involved, would show fractionation irre- 
spective of the site of synthesis, it can be shown that 
this is not necessarily so; only if the rate of synthesis 
is greater than that of degradation (i.e. there is net 
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synthesis) will the different rates of reaction of the 
two isotopes result in an isotopic ratio different 
from that in the substrate water; but if the rates of 
synthesis and degradation are equal (i.e. turnover) 
then the ratio will tend to be the same as that in the 
substrate water. 

The chief assumption that has to be made is that 
for a product which is synthesized and degraded by 
a reversible series of reactions, the ratio of the rates 
of synthesis and degradation of the tritium-con- 
taining molecules is the same as the ratio for the 
deuterium-containing molecules (cf. equation 5). 

For such a product we may write the reactions 
involved in this synthesis and degradation and its 
removal intact from the site of synthesis as: 


ky 
H*+F=H*F, (1) 
ke 
ks 
H*F +X = removal. (2) 


Where H*=labelled hydrogen ion; F =immediate 
unlabelled precursor; H*F=labelled product; 
k,=rate constant for synthesis of labelled product ; 
k,=rate constant for degradation of labelled 
product; k,=rate constant for removal of labelled 
product from site of synthesis; t=time; X= 
imaginary chemical species formally responsible 
for removal of labelled product from site of syn- 
thesis, reaction (2) being equivalent to the mech- 
anical process of secretion, i.e. when secretion occurs 
[X]>0, and when no secretion occurs [X]=0. 

Then the rate of formation of labelled product is 
given by 


d 
gg P= ([H*] [F)—*, (HF) —&, [°F] [X) 
=k, (H*] [F]—[H*F] (k, +, [X)). 
If the concentration of labelled hydrogen in the 
substrate water is held constant a steady state is 


reached: i.e. the isotope incorporation/time curve 
reaches a plateau. Then d/d¢ [H*F]=0. Therefore 


k, [H*] [F]—[H*F] (4, +; [X])=0, 
k, (H*] (F] | (3) 
kg+k, [X] 


This equation may be applied to either of the two 
isotopes *H and *H and the symbol H may therefore 
be replaced by D or T. Of the & terms, k, has the 
same value for both isotopes, since the rate of 
removal of labelled product from the site of synthesis 
is independent of its isotopic composition. Attach- 
ing the appropriate subscripts to k, and k, we may 
therefore write equation (3) for the two isotopes: 
proyec1) (3a) 
Key + keg [X] 
ky (D] [F] 


and a + hy [X] ; (36) 


or pay 


8 3s = 
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Dividing (3a) by (36), the isotopic ratio in the 
product is given by 

[TF] _ fap bop +hs (XI, 

[DF] ky Kop +k (X] 
As it is to be expected that the isotopic species of 
product which is formed more slowly will also be 
degraded more slowly it is now assumed as an 
approximation that the ratio of the rates of synthesis 
and degradation of tritium-labelled product is the 
same as the ratio for deuterium-labelled product: 
i.e. that 


(T] 
[D]” 





(4) 


a (5) 
key Key 
We may now consider the cases of turnover and net 
synthesis separately. 

(i) Under conditions of turnover there is no 
removal of intact molecules from the site of syn- 
thesis and hence, by definition [X]=0. Then sub- 
stituting for [X] and combining equations (4) and 
(5) we have 

(rF] _ (2) — 
[DF] [D]° 
That is, the isotopic ratio in the product will be the 
same as that in the substrate water and no fraction- 
ation will be observed. 

(ii) Under conditions of net synthesis, some 
product is removed from the site of synthesis, 
hence, by definition [X]>0. Then with increasing 
magnitude of [X] the term 


Keay + kg [X] 
Koy + kg [X] 
of equation (4) approaches unity and from equation 


(4) 
[TF] 
[DF] 


ky, (T] 
tends to —* —. 
kyy [D] 





The isotopic ratio in the product will thus be 
different from that in the substrate water ([T]/[D]) 
by a factor which tends to the value of the ratio of 
the rate constants of synthesis of tritium- and 
deuterium-labelled products. 

For the purpose of ascertaining whether hydrogen 
isotopes are fractionated in biochemical systems it 
is thus necessary to choose a compound which is 
undergoing net synthesis. The lactating mammary 
gland is particularly useful for this purpose since it 
is known from many types of experiment both 
in vivo (Popjaék, French & Folley, 1951) and in vitro 
(Folley & French, 1949; Balmain, Folley & Glascock, 
1951) that rapid net synthesis of fatty acids from 
small molecules occurs there. In liver fatty acids, 
on the other hand, it is known that active incorpora- 
tion of small molecules occurs but concurrently with 
oxidation and degradation (Stadie, 1945) and it 
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seems likely that net fatty acid synthesis in the 
livers of mature animals in nutritional equilibrium 
is small. Thus if net synthesis and turnover of fatty 
acids are to be observed separately and simul- 
taneously in the same animal they are most likely to 
be found in the lactating mammary gland and liver 
respectively. Furthermore, fatty acids are believed 
to be synthesized and degraded by a reversible 
series of reactions (Lardy, 1952; Lynen & Ochoa, 
1953) and are therefore of the type of product to 
which the above simple mathematical argument is 
applicable. ; 

A preliminary short-time experiment (Duncombe 
& Glascock, unpublished, quoted by Glascock, 1951) 
having shown that fractionation does in fact occur 
in both tissues, the detailed experiments described 
here were carried out. They confirm that appreciable 
fractionation of hydrogen isotopes can occur in vivo 
and show that differences in metabolic function 
between lactating mammary gland and liver can be 
deduced from quantitative differences in isotopic 
fractionation. 

Part of this work has been published in prelimi- 
nary form (Glascock & Duncombe, 1952) since when 
biological fractionation of hydrogen isotopes has 
been reported by Verly, Rachele, du Vigneaud, 
Eidinoff & Knoll (1952), Weinberger & Porter 
(1953), Helvey (1953) and by Eidinoff, Perri, Knoll, 
Marano & Arnheim (1953). The last workers used 
a similar method to that described in the present 
paper, and obtained results on liver fat in quanti- 
tative agreement with ours. Thompson & Ballou 
(1954), however, using a similar method, were able 
to detect only barely significant isotopic fraction- 
ation. 


EXPERIMENTAL 


Ten female hooded Norway rats were used in three groups at 
different times. The first group contained two pregnant rats 
weighing 344 and 381 g., whose water content, for the 
purpose of calculating isotope dosage, was assumed to be 
75% of the body wt. On the day before the expected birth 
of their litters they were given by stomach tube sufficient of 
a mixture of 40 g. heavy water (99-75%) and 1 ml. radio- 
active water (containing 2 mc of tritium) to raise their body 
water isotope levels to about 1-5 atoms % excess deuterium 
and 0-75 nc/ml. tritium. The remainder of the mixture was 
diluted with normal water so that it contained 2-5 atoms % 
excess deuterium and was given freely as drinking water. 
Thus all the water received during the course of the experi- 
ment had exactly the same tritium/deuterium ratio. 
Although the absolute level of isotopes in the blood at any 
time was of minor importance, the drinking water was made 
somewhat richer than the calculated value for the blood in 
an attempt to compensate for the unlabelled water derived 
from the food and to maintain the blood level approximately 
constant. That this was not quite achieved is shown by the 
figures in Table 2, where if will be seen that the isotope 
levels in the blood samples were about 60% of the expected 
values. 
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The two rats, each with its litter adjusted to six in 
number, were kept in separate cages and given normal food 
ad lib. After 14 days they were both killed by a blow on the 
head and samples of blood, perinephric fat, mammary 
gland and liver were collected and kept frozen at — 10° till 
required for analysis. The pups were also killed and kept for 
isolation of their total carcass fatty acids. 

The second group consisted of four rats which had had 
their litters on the day before the experiment started. The 
stock-labelled water was made from 80 g. heavy water and 
5 mc radioactive water made isotonic with NaCl. Each rat 
received sufficient of this solution by intraperitoneal in- 
jection to adjust the body water isotope level to about the 
same value as in the first group. The remainder of the water 
was diluted and the animals were maintained under 
exactly similar conditions to those in the first group. They 
were killed on the 14th day after parturition and samples of 
blood, mammary gland and liver taken and stored at — 10°. 

The third group consisted of four pregnant rats of body 
weights 280-350 g. The labelled water used was made from 
160 g. heavy water and 20 mc radioactive water. Sufficient 
of this was given by stomach tube 2 days before the birth of 
the litters to raise the body-water deuterium level to about 
3%, and the remainder diluted for drinking water as before. 
The isotope levels were increased in this experiment because 
some of the levels of incorporation were rather low in the 
earlier experiments. The animals and their litters were kept 
under similar conditions and killed 11 days later when all the 
labelled water had been consumed. Samples of blood, 
perinephric fat, mammary gland and liver were taken as 
before and stored at — 10°. 


Preparation of samples 


Blood water was obtained by sublimation in vacuo, 
followed by purification for deuterium and tritium analysis 
as described later. 

Total fatty acids were obtained from mammary glands, 
liver and perinephric fat by refluxing each tissue in 5 times 
its own weight of alcoholic KOH (4%, w/v) for 24 hr., 
extracting the unsaponifiable fraction with light petroleum, 
evaporating organic solvents on the water bath, acidifying 
with 40% H,SO, and extracting the free fatty acids with 
light petroleum. The extract was washed until free from 
mineral acid, dried over anhydrous Na,SO,, and the solvent 
was evaporated. The free acids were stored in a desiccator 
containing CaCl, and shavings of paraffin wax. Total fatty 
acids were obtained from some of the pups of the first group 
by saponifying the whole animal and proceeding as above. 


Isotopic assay 


Fatty acid samples were combusted on the 150 mg. scale 
using our technique and deuterium determined by a 
modification of the falling-drop method (see Glascock, 1954). 
Tritium was counted as tritiobutane prepared from 10 mg. 
samples of combustion water as described by Glascock 
(1951). In the first two experiments both isotopes were 
determined in each sample by assaying the water resulting 
from a single combustion ; the micropipette on the deuterium 
apparatus was charged with combustion water, 10,l. 
samples were expelled into each of two rigorously dried 
tubes fitted with standard joints and stoppers and the 
remainder of the water in the pipette used for dropping. 
The water in the tubes was sublimed in vacuo into two 
previously prepared tubes of dry butyl magnesium bromide 
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and duplicate samples of butane prepared. The tritium 
content of each of these samples was determined by counting 
at least two measured portions long enough for their 
activities to be determined with a reliable counting error of 
not more than 1% (10000 counts). Drinking water and 
blood water, diluted if necessary to bring their deuterium 
contents to a level measurable in the apparatus used were 
put through the various stages of chemical purification 
before isotopic assay. 

The transfer of 10 yl. drops of water from pipette to tube 
in the first two experiments, although rapidly done, 
admitted the remote possibility of dilution with atmospheric 
water and hence a spuriously low tritium value. In the third 
experiment, therefore, a separate combustion was carried 
out for each tritium determination and the water manipu- 
lated entirely in the vacuum apparatus and never allowed to 
come in contact with the atmosphere. The results of this 
experiment were similar to those of the other two in which 
dilution of the water by atmospheric moisture was evidently 


negligible. 
It is to be noted that the tritium content of the water 


samples was far too small to affect its density measurably 
and thus to interfere with the deuterium determination; it 
was of the order of 1 wc/ml., which corresponds with only 
about 4 x 10-8 atom %. 


RESULTS AND DISCUSSION 
Accuracy of analytical methods 


The determination of deuterium by the falling-drop 
method was found, both in this and in other work, 
to give closely reproducible results in the range of 
concentration 0-1—2-0 atom % deuterium. Thus, as 
illustrated in Table 1, dropping times for a given 
sample of water agreed closely, the differences 
being too small to reflect different deuterium values 
on the calibration curve. Furthermore, standard 
deuterium oxide dilutions have been assayed at 
intervals over 3 years yielding results in which the 
range did not exceed + 0-01 atom % excess. In this 
work some duplicate combustions were carried out 
on the same sample of fatty acids and again the 
results agreed within this range. From this it 
appears that the deuterium contents of the experi- 


Table 1. Example of deuterium and 
tritium assay results 


Sample: rat 2, pup 2, total fatty acids. For details see 
Experimental section. 


Tritium Deuterium 
(Counts/min./mg. water) (Falling-drop time (sec.)) 
Preparation 1 73-0 85-61 
74-0 85-62 
Preparation 2 75-0 85-72 


75°5 85-69 
85-66=0-21 atom % excess D 
=8:57% of level in 
drinking water 


Average 74-4 
=6:99% 
of level in drinking water 


Ratio: #H/?H =0-80 


ee ee es ee 
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mental samples are accurate to within + 0-01 atom 
% excess which is in most cases about 3% of the 
abundance measured. 

The determination of tritium by the method used 
also yielded closely reproducible results. The specific 
activities of samples of the same preparation of 
butane agreed to within 1-5 % of their mean values 
both with each other and with those of the duplicate 
preparation. Thus the value finally obtained for the 
specific activity of a given sample was calculated 
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from the mean of at least four closely agreeing 
butane specific activities. The figures for a typical 
experiment are given in Table 1. 

In determining the ratio of the two isotopes the 
total error was therefore not likely to exceed + 5%. 
This is in accordance with the findings for the ratios 
in the blood waters which should almost certainly 
be the same as the ratio in the drinking water, but 
which actually had a range of about +5% (see 
Table 2). 


Table 2. Deuterium and tritium levels and isotopic fractionation in tissues of lactating rats 
receiving drinking water labelled with deuterium and tritium 


2H atom % 
Rat excess 
Sample no.* (a) 
Drinking water 1-2 2-45 
3-6 2-39 
7-10 4-90 
Blood water 1 1-30 
2 1-27 
3 1-355 
4 1-385 
5 1-28 
6 1-27 
7 3-36 
8 3-38 
9 3-40 
10 3-38 
Mammary gland fatty acids 1 0-120 
2 0-250 
3 0-220 
4 0-250 
5 0-345 
6 0-303 
7 0-495 
8 0-730 
9 0-555 
10 0-620 
Liver fatty acids 1 0-065 
2 0-200 
3 0-245 
4, 5¢ — 
6 0-255 
7 0-415 
8 0-990 
9 0-750 
10 1-010 
Pup total fatty acidst 1 0-415 
0-345 
0-370 
2 0-195 
0-210 
0-265 


Maternal carcass fatty acids 
significantly greater than 0. 


3H counts/ *H as % 3H as % 
min./mg. of drinking of drinking Isotope 
water water 7H water *H ratio: 
() (c) (2) (d)/(c) 
1058 100 100 1-00 
1051 100 100 1-00 
5064 100 100 1-00 
559 53-1 52°8 0-99 
574 51-8 54:3 1-05 
602 56-7 57-3 1-01 
573 58-0 54-7 0-94 
590 53-5 56-2 1-05 
536 53-2 51-0 0-95 
3351 68-5 66-2 0-97 
3567 68-9 70-4 1-02 
3667 69-3 72-4 1-04 
3494 68-9 69-0 1-00 
Mean 1-00 
40 4-90 3-78 0-77 
88 10-20 8-32 0-82 
77 9-21 7-35 0-80 
86 10-47 8-24 0-79 
121 14-45 11-52 0-80 
103 12-68 9-80 0-77 
361 10-10 7-10 0-70 
597 14-90 11-80 0-79 
437 11-30 8-64 0-76 
480 12-60 9-48 0-75 
Mean 0-775 
27 2-65 2-55 0-96 
80 8-16 7-56 0-93 
90 10-20 8-57 0-84 
93 10-67 “88 0-83 
413 8-46 8-16 0-96 
884 20-20 17-45 0-86 
578 15-30 11-40 0-75 
884 20-70 17-45 0-84 
Mean 0-87 
141 16-90 13-30 0-79 
119 14-10 11-20 0-79 
125 15-00 11-80 0-79 
66 7-96 6-24 0-78 
74 8-57 6-99 0-80 
86 10-80 8-13 0-75 


Deuterium and tritium contents of all samples analysed (rats 1, 2, 7, 8, 9, 10) were not 


* Rats 1-6 received the labelled drinking water for 14 days before killing; rats 7-10 for 11 days. 


+ Insufficient material for deuterium analysis. 
{ Samples from three separate pups for each rat. 
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Isotopic fractionation 


Table 2 shows the isotope contents of the drinking 
water, the blood waters and the fatty acids from the 
various tissues listed. For each sample the deuterium 
or tritium levels (columns a and 6) were expressed 
as percentages (columns c and d) of the levels in the 
drinking water for the particular experiment. The 
drinking water had been assayed at least in dupli- 
cate, and, in two experiments, by making two 
separate and different dilutions. It was, of course, 
necessary to know the isotope contents of the 
drinking waters accurately, since all the isotope 
ratios were based on them. 

The tritium/deuterium ratio for each sample was 
then defined as d/c (Table 2, last column). This ratio 
should be unity if no fractionation had occurred, 
and less than unity if relatively less tritium than 
deuterium had been incorporated. It is seen that 
ratios for the blood-water samples were all approxi- 
mately unity, within the predicted experimental 
error, with a mean of 1-00, showing that there is no 
appreciable fractionation during the passage of the 
labelled water through the wall of the gut. That such 
diffusion processes do not involve fractionation has 
also been shown by Prentice et al. (1952) in studies 
using hydrogen isotopes for the determination of 
total body water, and by Hurst, Schemm & Vogel 
(1952), who demonstrated that the kidney does not 
distinguish between heavy and normal water (see 
also review by Pinson, 1952). 

The ratios for the mammary gland fatty acids are 
in all cases considerably less than unity, varying 
from 0-70 to 0-82. A statistical analysis of these 
figures is given in Table 3 and shows that the 
difference of their mean from unity is highly sig- 
nificant (P< 0-001). This is in accord with the pre- 
diction for an organ in which net synthesis is in 
progress. It is of interest to note that the degree of 
hydrogen isotope fractionation reported here is of 
the same order as that found for carbon isotopes by 
Weigl & Calvin (1949) using an algal culture which 
discriminated against “CO,. The relative mass 
difference between CO, and #2CO, is about the 
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same as that between *=HOH and 7HOH namely 5%. 
If mass is the factor chiefly responsible for fraction- 
ation both of isotopic water and of carbon dioxide 
then our findings are consistent with the belief that 
the reacting entities are 7HOH and *HOH, or more 
probably the corresponding hydrated ions, rather 
than free deuterium and tritium ions, otherwise the 
fractionation would be greater. 

It will also be seen (Table 2) that the total fatty 
acids of the pups of rats 1 and 2 had the same ratio 
as the fat of the gland they had been suckling. There 
are two possible explanations for this; either the 
pups’ depot fat (which constitutes the largest part 
of the total body fat) had been derived from dietary 
fat, or considerable net synthesis of body fat from 
smaller molecules had occurred in the pups. The 
isotopic ratio and absolute levels in the blood water 
of the latter would almost certainly be the same as 
in the maternal blood water, any fractionation 
along the route maternal blood water > milk 
water > pup blood water being unlikely. If net 
synthesis occurred it would thus be taking place in 
an environment similar to that in the maternal 
mammary gland. In these experiments there was 
no means of deciding between the alternatives, 
although we are of the opinion that it is more likely 
that the pup carcass fat was derived directly from 
the milk fat. 

The isotope ratio in the liver fatty acids (Table 2) 
is also in every experiment less than unity but at the 
same time higher than that in the mammary gland 
fat from the same animal (except in one instance, 
rat no. 9). Statistical analysis shows that the mean 
for the livers is significantly lower than unity and is 
also significantly higher than the mean for the 
mammary glands (Table 3). This is in agreement 
with the prediction for an organ in which there is less 
net synthesis and more turnover of fat than in the 
mammary gland. 

The results reported here show a much greater 
isotope effect than that reported recently by 
Thompson & Ballou (1954). These workers found 
for the various samples they examined a tritium/ 
deuterium ratio never smaller than 0-93. Comment- 


Table 3. Statistical analysis of isotope ratios from Table 2 


(1) Mammary gland fatty acids: 


Mean isotope ratio =0-7750+0-00930 (7 degrees of freedom) 
Significance of difference of mean value from 1-0 


P<0-001 


(2) Liver fatty acids: 


Mean isotope ratio =0-8712 + 0-02386 (5 degrees of freedom) 
Significance of difference of mean value from 1-0 


0-01>P>0-001 


(3) Difference between liver and mammary gland fatty acids: 
Paired ‘t’ test using eight rats with complete results (rats 1-3 and 6-10) 
Difference between mean isotope ratios =0-1012+0-03050 (7 degrees of freedom) 


P=0-0136 (approx.) 
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ing on a preliminary report of our results (Glascock & 
Duncombe, 1952) they suggest that the much greater 
isotope effect observed by us may have been due to 
the much shorter period over which the isotopes 
were administered (2 weeks instead of 5), thus 
allowing ‘less opportunity for metabolic equilibra- 
tion of the isotopes’. If by metabolic equilibration 
is meant the attainment of a plateau by the isotope 
incorporation/time curve, then there is good reason 
to believe that this condition was attained in our 
experiments. Schoenheimer & Rittenberg (1936) 
found that the plateau value for the carcass fat of 
mice was reached in 6 days and, mammary gland 
and liver being metabolically much more active 
than adipose tissues, it therefore seems extremely 
probable that the plateau was reached in our 
animals. It should be noted that nearly all the 
samples assayed by Thompson & Ballou consisted 
of pieces of tissue (carcass, muscle, pelt, brain and 
liver) which are composed predominantly of protein 
and were probably in a state of turnover rather than 
active net synthesis. If this were so, then, on the 
basis of our prediction, we should expect them to 
have an isotope ratio approximating to unity. 
Apart from body water the only other sample 
assayed was depot fat which showed the lowest 
isotope ratio (0-93). In our animals the isotope 
incorporation into depot fat was too small for the 
ratio to be measured accurately. 

The experimental technique of Thompson & 
Ballou also differed from ours in several important 
respects. They did not maintain the body-water 
isotope levels constant by giving the doubly 
labelled water for drinking but administered it by 
injection at 3-5 day intervals, causing fluctuations 
between 1-5 and 4-5% deuterium. Their methods 
for determining the isotopes also seem to have been 
less accurate than ours. For example, their tritium 
assays were reproducible to within not less than 
+5% whereas ours were reproducible to within 
+1:5%. 

It therefore also appears that since it has been 
shown in the present work that the incorporation of 
tritium into some compounds may be as much as 
30% less than that of deuterium, the difference 
between deuterium and protium may be at least as 
great. Hence calculations of the total amount of 
water hydrogen incorporated into biological pro- 
ducts cannot always validly be made on the basis of 
isotopic data alone. Either isotope alone may of 
course be usefully applied to the determination of 
relative synthetic efficiency, or to the elucidation of 
metabolic pathways. 


Other results 


The results obtained in these experiments also 
throw some light on the contribution of drinking 
water to blood water and on the relative utilization 
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of water hydrogen for the synthesis of fatty acids in 
mammary gland, liver and carcass. For the purpose 
of this comparison it is necessary to consider only 
the relative abundance of one isotope—say tritium. 

Contribution of drinking water to blood water, 
Table 2 shows that the isotope level in the samples of 
blood water varies between about 50 and 70% of 
that in the drinking water. Thus from 30 to 50 % of 
the blood water must have been derived from 
unlabelled combined hydrogen or free water in the 
food. 

On combustion a typical sample of diet was found 
to yield 65% of its weight of water. The average 
daily consumption of this diet was 45 g. correspond- 
ing to 29 g. water when fully oxidized. The average 
daily intake of labelled water during the experiment 
was 37 g. Thus even supposing the diet to have been 
fully oxidized the contribution made by it to body 
water could not have been more than 44%. 
Although complete oxidation of the diet is unlikely 
there appears to be fair agreement between the 
results derived from analytical and isotope data. 

Relative utilization of water hydrogen by the various 
tissues for fatty acid synthesis. The isotope level in 
mammary gland fatty acids lies between 5 and 15% 
of that in the drinking water, whereas in the liver it 
lies between 3 and 20%. It is to be noted that a 
high or low isotope level in the mammary gland 
is generally paralleled by a high or low level in 
the liver of the same animal, and the wide range 
of values probably reflects different metabolic 
activities. 

The isotope contents of the pup total fatty acids 
from rats 1 and 2 and the respective mammary gland 
samples show some interesting differences. The 
isotope levels are approximately the same in pup 
total acids, maternal liver acids and mammary 
gland acids for rat 2; on the other hand the isotope 
level in pup fatty acids of rat 1 is very much greater 
than that of the fatty acids of the mammary gland 
from which they had been feeding. This may be 
because the true milk fat is much richer in isotope 
than the gland tissue fat, and the glands of rat 1 
had been milked dry by the pups shortly before 
killing. This would have the effect of leaving pre- 
dominantly tissue fat, of relatively low isotope 
content, in the glands, the isotopically richer milk 
fat entering the pups. If this is so, however, it is in 
contrast with the finding (Cowie et al. 1951) for the 
isolated cow udder. After perfusion for 2 hr. with 
blood containing [carboxy-C]acetate, the udder 
fatty acids had a specific activity 7-10 times higher 
than that of the milk fatty acids. 

Our finding that virtually no water hydrogen is 
incorporated into the maternal depot fatty acids 
(Table 2) is most unexpected. Schoenheimer & 
Rittenberg (1936) administered heavy water to mice 
and found that after 6 days the deuterium level in 
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the total body fatty acids (which must consist 
largely of depot fatty acids) had reached a plateau 
at 13-14 % of that of the body water. In the present 
experiments we might therefore expect the depot 
fat to have a similar isotope content. The difference 
between our results and those of Schoenheimer & 
Rittenberg is at present inexplicable, and further 
work on this point is in progress. 


SUMMARY 


1. A theory is presented in which it is predicted 
that biological fractionation of hydrogen isotopes 
during the reversible incorporation of water 
hydrogen into any metabolite will be observed only 
under conditions of net synthesis and not under 
conditions of turnover. 

2. There is reason to believe that in the fatty acid 
metabolism of mammary gland and liver net 
synthesis and turnover are, respectively, the pre- 
dominant processes. The incorporation of hydrogen 
from water doubly labelled with tritium and 
deuterium into the fatty acids of these and other 
organs has therefore been studied. 

3. Rats were maintained on a regimen of doubly 
labelled water for 11-14 days, and the isotopic 
abundances determined in blood water and in the 
fatty acids extracted from mammary gland, liver, 
perinephric and pup carcass fat. 

4. Defining the tritium/deuterium ratio in the 
drinking water as unity it was found to be unity in 
the blood water, but significantly less than unity in 
all other samples assayed, with the exception of 
perinephric fat, in which isotopic incorporation was 
too small for the isotopic ratio to be calculated 
accurately. 

5. The mean values of the ratios for fatty acids of 
maternal mammary gland and liver were 0-775 and 
0-87 respectively, which are significantly different 
from each other. 

6. These findings are in accord both with the 
belief that more net synthesis of fatty acids occurs in 
mammary gland than in liver, and with the theory 
that under such conditions differential fractionation 
of hydrogen isotopes will be observed. 

7. The isotopic abundances in pup carcass fatty 
acids varied considerably, but the isotopic ratio was 
approximately the same as that of the fatty acids 
of the gland from which they had been feeding. 
Alternative reasons for this are discussed. 

8. The results are also discussed in relation to the 
contribution of drinking water to blood water, and 
the relative utilization by various tissues of water 
hydrogen for fatty acid synthesis. 
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The Interconversion of Serine and Glycine: Role of Pteroylglutamic Acid 
and other Cofactors 


By R. L. BLAKLEY* 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 12 March 1954) 


Considerable evidence has now been accumulated 
for the interconversion of glycine and serine in the 
animal body and in micro-organisms. Following 
the discovery by Shemin (1946) of the conversion of 
isotopically labelled serine into glycine in rats and 
guinea pigs, the reverse process, that is, the bio- 
synthesis of serine from labelled glycine was also 
found to occur in the intact animal (Sakami, 1948, 
1949). Incorporation of labelled glycine intoserine 
has been observed in rat-liver slices and homogenates 
(Siekevitz, Winnick & Greenberg, 1949), and serine 
synthesis from glycine and [!4C]formate or [14C]- 
formaldehyde has been studied in soluble liver 
extracts (Deodhar & Sakami, 1953; Berg, 1953). 
Serine degradation to glycine and formaldehyde 
has been demonstrated in liver slices, extracts and 
homogenates (Vilenkina, 1952). 

Synthesis of serine from glycine and formate by 
washed cells of Streptococcus faecalis R has been 
shown to require pteroylglutamic acid (PGA) in 
catalytic amounts (Lascelles & Woods, 1950), and 
there is also some evidence for the participation of 
PGA or a derivative in serine-glycine interconver- 
sion in mammalian tissues. Thus in folic acid- 
deficient rats less isotope from administered 
H™COOH is fixed into serine of body proteins than 
in normal animals, but the rate of incorporation of 
MC into C-3 of serine becomes normal when the 
animals are fed PGA (Plaut, Betheil & Lardy, 1950). 
Elwyn & Sprinson (1950) have shown that [5N]- 
serine is utilized less efficiently for hippuric acid 
synthesis in folic acid-deficient animals, and it was 
calculated that in folic acid deficiency the conversion 
of serine into glycine was reduced to one-sixth the 
normal rate. The addition of PGA or related com- 
pounds to tissue preparations has been shown to 
cause an increase in serine synthesis from formate 
(Kelley, 1951) and in serine breakdown to glycine 
and formaldehyde (Vilenkina, 1952). Recently, 
Rauen & Jaenicke (1953) have briefly reported 
evidence for serine synthesis from N!°-formylPGA 
(IT) and glycine in tissue homogenates and extracts. 
In the present investigation soluble enzyme pre- 
parations catalysing serine synthesis and break- 

* Australian National University Scholar. Present 
address: John Curtin School of Medical Research, Australian 
National University, Canberra, A.C.T., Australia. 


down (Blakley, 1954) have been used to study the 
role in these processes of PGA, its derivatives and 
some other cofactors. 

Another aspect of serine synthesis which has 
received attention in this work is the chemical 
identity of the immediate precursor of C-3 of 
serine. Labelled formate is incorporated into this 
position of the serine molecule by intact animals 
(Sakami, 1948), liver slices (Siekevitz & Greenberg, 
1949) and liver extracts (Deodhar & Sakami, 1953), 
but Kruhoffer (1951) has reported that in rat liver 
slices labelled glycine is incorporated into serine 
much more efficiently than labelled formate, and 
that in liver homogenates formate is not incorpor- 
ated into serine even when incorporation of glycine 
into serine occurs. Furthermore, Siegel & Lafaye 
(1950) found that in rat-liver homogenates isotopic 
formaldehyde is much more rapidly incorporated 
into serine and into the methyl group of methionine 
than is formate or methanol. Evidence has been 
obtained in the present investigation for the view, 
consistent with these observations, that formalde- 
hyde is an important precursor of serine C-3. 


EXPERIMENTAL 
Materials 


The following commercial preparations were used: PGA 
(Roche Products, Ltd., Welwyn Garden City, Hertford- 
shire); cobalamin (Glaxo Laboratories, Greenford, Middle- 
sex); pyridoxal phosphate (gift from Roche Products, Ltd.); 
glycine, L-ascorbic acid (British Drug Houses Ltd., London); 
aminotrishydroxymethylmethane (THAM), adenosine di- 
phosphate, adenosine 5-phosphate (Light and Co., Coln- 
brook, Buckinghamshire); leucovorin (5-formyl-5:6:7:8- 
tetrahydroPGA), 4-amino-4-deoxyPGA (aminopterin), 
teropterin (sodium pteroyltriglutamate) (gifts from Lederle 
Laboratories Division, American Cyanamid Co., New York). 

Adenosine triphosphate. Chromatographically pure 
adenosinetriphosphate (ATP) was prepared by fractionation 
of a commercial product (Boots Pure Drug Co. Ltd., 
Nottingham) on ion-exchange resin. 

pL-Homocysteine. This was prepared by reduction of DL- 
homocystine (Riegel & du Vigneaud, 1935). 

p- and u-serine. These were prepared by resolution of 
pL-serine (British Drug Houses, Ltd.) by the method of 
Fischer & Jacobs (1906). 

N!°_FormylPGA (II). PGA was formylated by refluxing 
with 98% (w/v) formic acid and acetic anhydride (Gordon, 
Ravel, Eakin & Shive, 1948). 
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TetrahydroPGA and N-formyltetrahydroPGA were 
prepared by catalytic hydrogenation of PGA and N?- 
formylIPGA respectively in aqueous solution (O’Dell, 
Vandenbelt, Bloom & Pfiffner, 1947). When the theoretical 
amount of hydrogen had been consumed the identity of the 
products was checked by determination of their ultraviolet 
absorption spectra and extinction coefficients (Pohland, 
Flynn, Jones & Shive, 1951). 

Labelled compounds. [2-*C]Glycine was obtained from 
the Radiochemical Centre, Amersham, and diluted with 
non-isotopic glycine. The diluted material contained 
2-68 x 10-? uc/mg. [2-“C]t-Serine was produced enzymically 
from L-serine and [2-C]glycine (conditions as in Table 1 
with the complete system) and isolated by chromatography 
on Zeokarb 225 and crystallization of the p-hydroxyazo- 
benzene-p’-sulphonate. The bulk of the sulphonic acid was 
subsequently removed from the serine salt by crystallizing 
out the sodium salt. Final purification of the serine was 
achieved by treatment with charcoal and crystalliza- 
tion from water-ethanol. The pure product contained 
7-23 x 10-*zc/mg. [C]Formaldehyde was prepared by 
catalytic oxidation of [C]methanol (Arnstein, 1951). 
Another sample, free from methanol, was obtained by 
periodate oxidation of px-[3-1C]serine (Sakami, 1950) in 
asmall volume of water. The formaldehyde was collected by 
distillation. Sodium ['C]formate was obtained from the 
Radiochemical Centre, Amersham. 


Methods 


Yeast extract. A dried yeast preparation (Aluzyme no. 40 
powder; Phillips Yeast Products Ltd., Park Royal, London, 
N.W. 10) was mixed with 5 times its weight of water, the 
mixture boiled for 1 min. and centrifuged; the supernatant 
was used without further treatment. 

Enzyme preparation. Adult pigeons were decapitated, 
bled and the livers quickly removed, washed, blotted dry, 
and frozen. Subsequent steps were performed in a cold 
room (5°). After the frozen livers had been dispersed in pure 
chilled acetone in a Waring Blendor, the solid material was 
filtered off, washed with cold acetone, and the bulk of the 
acetone quickly removed on the filter and then in an evacu- 
ated desiccator. The last traces of acetone were removed at 
less than 1mm. pressure and room temperature. The 
powder was extracted by homogenizing with 10 vol. THAM 
buffer, pH 7-7 (0-01M) at 5°. After standing 30 min. at 5°, 
the homogenate was centrifuged to remove the bulk of the 
insoluble material and the supernatant dialysed 16-48 hr. at 
5° against 20 vol. THAM buffer, pH 7-7 (001m). In some 
cases the dialysed extract was prepared for use by centri- 
fuging at 100000g for 30min. to remove suspended 
particles. Otherwise the dialysed preparation was first held 
at 53° for 20 min. before chilling and centrifuging. Water- 
clear supernatants were obtained in all cases. 

Isolation of serine. In experiments on net serine synthesis 
from [2-C]glycine and formaldehyde a solution of 250 p- 
moles of L-serine was added at the end of the incubation 
period, and mixed with the contents before deproteinizing 
with 1 ml. of 30% (w/v) trichloroacetic acid. After incuba- 
tion of [2-C]glycine with L-serine the reaction mixture 
(5 ml.) was directly deproteinized with trichloroacetic acid 
(1 ml. of 30%). In either case the ppt. was centrifuged off in 
the reaction tube. The supernatant was transferred to a 
column of Zeokarb 225 resin (200-400 mesh, H* form; 
35 cm. x 2-5 cm. diameter) and elution with 1-5N-HCl was 
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begun. The eluate was collected in 10 ml. fractions, serine 
appearing in about tubes 12-20 and glycine in about tubes 
24-30. The fractions of the eluate containing serine were 
free from glycine. They were combined, evaporated to 
dryness under reduced pressure, and the residue dissolved in 
3 ml. of water. Solid p-hydroxyazobenzene-p’-sulphonic 
acid was added and dissolved by warming until a very slight 
excess was present as judged by the persistence of the deep 
red colour of the reagent and the greatly increased difficulty 
in dissolving more reagent. The serine p-hydroxyazobenzene- 
p’-sulphonate which crystallized out on cooling to 0° was 
filtered off with gentle suction on to a filter paper in a per- 
forated Perspex disk (1-2 cm.*) clamped in a special holder 
(Popjak, 1950). After washing with 2 ml. ice-cold water, 
the disk was removed from the holder and blotted dry. The 
crystals were dried in the disk over P,O, in vacuo and their 
radioactivity was determined. 

Isolation of glycine. Unlabelled carrier glycine was added 
to each tube at the end of the incubation period to bring the 
total amount of unlabelled glycine added to 14-5 mg./tube. 
The contents of the tubes were mixed and deproteinized 
with tungstic acid (0-28 ml. 0-6N-H,SO, followed by 
0-20 ml. 10% (w/v) sodium tungstate). The supernatant 
(about 2-5 ml. containing about 15 mg. glycine) was trans- 
ferred to a 100 ml. flask in which it was shaken with 10 ml. 
water, 10 ml. of a 10% (w/v) solution of 1-fluoro-2:4- 
dinitrobenzene in methanol and 0-3 g. NaHCO, for 4 hr. at 
room temp. Isolation of N-2:4-dinitrophenylglycine (DNP- 
glycine) was then achieved by the method of Campbell & 
Work (1952), and the isolated material crystallized from 
ethyl acetate—cyclohexane, dried and packed into a 1 cm.? 
Polythene disk for counting. 

Degradation of serine. This was performed according to the 
method of Sakami (1950) with the exception that formalde- 
hyde formed by periodate oxidation of serine was distilled 
off, converted into its dimedone derivative, and the latter 
filtered directly into a polythene disk, dried (100°, 30 min.) 
and its radioactivity determined. After crystallization from 
ethanol—water, samples were recounted. 

Formaldehyde. This was determined by the method of 
Nash (1953) on portions of the supernatant after tungstic 
acid deproteinization. 

Radioactivity measurements. These were all carried out 
with a helium-filled bell-shaped Geiger—Miiller counter on 
infinite thickness samples mounted in Polythene or Perspex 
disks (Popjak, 1950). When experiments were performed in 
duplicate the radioactivity of the duplicate samples usually 
agreed within +5%, and the activity of samples did not 
change by more than this amount on rechromatographing 
and recrystallizing. 


RESULTS 
Reaction between L-serine and [2-“C]glycine 


In preliminary experiments, [2-“C]glycine was 
incubated with pigeon-liver homogenates and 
extracts and acetone-dried pigeon liver in the 
presence of various cofactors. Unlabelled L-serine 
was used as carrier for the isolation of radioactive 
serine formed enzymically, and for convenience was 
added with the [!4C]glycine at the beginning of the 
experiment. At the end of the incubation period the 
serine was isolated and its radioactivity determined. 
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In some cases duplicate samples of serine were 
combined, degraded, and the radioactivity of the 
degradation products determined. 

It was found that while C is readily incorporated 
into position 2 of serine under these conditions, 
labelling of position 3 by homogenates is small and 
is negligible when extracts are used (Table 1). 

The principal source of C-3 of the [2-!4C]serine 
formed in these experiments was shown to be the 
L-serine added as carrier and present during the 
incubation. Thus, when carrier L-serine was added 
at the end of the incubation immediately before 
deproteinization, or when D-serine was added 
instead of L-serine to the incubation mixture, the 
serine subsequently isolated was only slightly 
radioactive (Table 2). 


Table 1. Radioactivities of degradation products from 
[##C]serine formed from [2-4C]glycine and L-serine 


Incubations were performed at 37° in evacuated Thun- 
berg tubes each containing 0-05m L-serine, 0-02m [2-!C]- 
glycine (2-68 x 10-7 uc/mg.), 0-05m THAM buffer, pH 7-7, 
and pigeon-liver extract (dialysed 16 hr.) in a total volume 
of 5-00 ml. The complete system contained, in addition, 
PGA (4-5 x 10-5m) and yeast extract (0-50 ml.). Time 6 hr. 


Specific activity of serine 
degradation products 
(counts/min./cm.?) 


O———— ee 
BaCO, BaCO, Formaldehyde 


from from dimedone 

C-1 C-2 from C-3 
Complete system 2 1211 7 
Yeast extract omitted 0 170 5 
PGA omitted 0 41 2 
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Breakdown of serine to glycine and formaldehyde 


Liver extracts supplemented with PGA or : 


certain of its derivatives converted serine into 
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formaldehyde and glycine, which was isolated by | 


chromatographic separation of its DNP-derivative. 
The extent of the transformation was determined by 
using L-[2-'C]serine, adding unlabelled carrier 
glycine to the reaction mixturé immediately before 
deproteinization, and measuring the radioactivity 
of the DNP-glycine subsequently isolated. Formal- 
dehyde was determined in samples of the depro- 
teinized reaction mixture. 'The results of such experi- 
ments, shown in Table 3, indicate that the break- 
down of serine to glycine is rapid, up to 10 zmoles of 
glycine being formed per ml. of reaction mixture 
during the incubation period of 6hr. Although 
yeast extract and ascorbic acid were added to the 
reaction mixture in the experiments of Table 3, 
they were subsequently found unnecessary 
(Table 8). The inclusion of unlabelled glycine 
(0-01 M) in the solution during the incubation caused 
an approximately 50% increase in serine break- 
down. The results on the conversion of serine into 
glycine of Expt. 3, Table 10, were confirmed by 
paper chromatography of portions of the incubated 
reaction solution removed immediately before ad- 
dition of carrier glycine. 

As seen in Table 3, the yields of formaldehyde 
formed from serine are uniformly low when com- 
pared with the glycine simultaneously produced. 
Recovery of formaldehyde incubated with supple- 
mented liver extract in the absence of other sub- 
strates was approximately 80%, so that the low 


Table 2. Formation of [2-14C]serine from [2-14C]glycine and w-serine by liver extract under various conditions 


Incubations were performed at 37° in evacuated Thunberg tubes each containing 0-05m L-serine, 0-02m [2-'C]glycine 
(2-68 x 10-2 uc/mg.), 0-05m THAM buffer, pH 7-7, enzyme and PGA at the concentrations indicated, in a total volume of 


5-00 ml. Time 6 hr. 


Specific activity of 
serine p-hydroxy- 
azobenzene- 
p’-sulphonate 
(counts/min./em.*) 


Expt. 1. Liver extract dialysed for 48 hr. 


Complete system contained 7-2 x 10-°m PGA and 0-50 ml. yeast extract 


Complete system 522 
Complete system; incubation stopped at zero time 1 
Complete system; boiled enzyme 1 
PGA omitted 23 
Yeast extract omitted 55 
Expt. 2. Liver extract dialysed for 16 hr. 
Complete system contained 1-1 x 10-4m PGA and 0-30 ml. yeast extract 
Complete system 823 
Complete system; serine added at end of incubation 52 
Expt. 3. Liver extract dialysed for 16 hr. 
0-50 ml. yeast extract present in all cases 
PGA (1-1 x 10-4m) 5 1013 
PGA (2-2 x 10-*m) 947 


PGA (2-2 x 10-*M) (p-serine instead of L-serine) 
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Table 3. Formation of [}4C]glycine and formaldehyde from L-[2-C]serine by liver extracts 
under various conditions 


Incubations performed at 37° in evacuated Thunberg tubes each containing 0-02 L-[2-'C]serine (7-23 x 10-? uc/mg.), 
005m THAM buffer, pH 7-7, and liver extract (dialysed 40 hr. and kept at 53° for 20 min.) in a total volume of 2-50 ml. 
The complete system contained 1-5 x 10-4m PGA and 0-20 ml. yeast extract, and 0-01 L-ascorbic acid was also present in 
each case in Expt. 1. Yeast extract and ascorbic acid were, however, unnecessary for full activity (Table 8). Time 6 hr. 


Specific activity Glycine Formaldehyde 
of DNP-glycine formed formed 
(counts/min./cm.?) (umoles) (umoles) 
Expt. 1 
Complete system 352 19-3 7-5 
Complete system; boiled enzyme 10 0-5 0-6 
Complete system + 0-01 glycine 512 29-3 3-2 
Expt. 2 
Complete system 323 17-7 43 
Complete system +0-01™ glycine 436 24-7 2-1 


a 
SS 


Table 4. Synthesis of [14C]serine by liver extracts from 
[2-@C]glycine and formaldeyhde under various 
conditions 
Incubations performed at 37° in N,-filled tubes each 

containing 0-02m formaldehyde or 0-01m formate, 0-02m 

[2-“C]glycine (2-68 x 10-*yc/mg.), 0-05m THAM buffer, 

pH 7-7, liver extract (dialysed 40 hr. and heated to 53°), 

and 1-5 x 10-4m PGA in a total volume of 5-00 ml. Time 

6 hr. Specific 

activity of serine 


p-hydroxyazobenzene- Serine 
p’-sulphonate formed 
Substrates (counts/min./em.?) (moles) 

Glycine, formaldehyde 1371 64 
Glycine, formaldehyde* 1177 53 
Glycine* 88 3 
Glycine, formate* 82 3 
Glycine, formaldehyde*t 1475 70 
Glycine, formate*t 77 2 


* Yeast extract (0-50 ml.) present. 
{ Liver extract dialysed but not heated to 53°. 


yields of formaldehyde from serine must be ac- 
counted for on other grounds besides the loss of 
formaldehyde by reaction with protein or by 
oxidation. One possibility investigated is that the 
formaldehyde formed during the enzymic break- 
down of serine is a secondary product arising by 
reduction of formate produced in the breakdown 
of serine. It was found, however, that no reduction 
of formate to formaldehyde occurs under the experi- 
mental conditions. The low yields of formaldehyde 
may be due to side reactions of the ‘active formalde- 
hyde’ formed from serine with other constituents 
of the relatively crude enzyme preparations used. 
The yields of formaldehyde are sufficiently high to 
permit the conclusion that it is probably the main 
product of the hydroxymethyl group of serine 
under the experimental conditions. 


Synthesis of serine from glycine and 
formaldehyde in liver extracts 
Suitably supplemented liver extracts rapidly 
synthesized [2-!4C]serine from [2-4C]glycine and 


formaldehyde as shown in Table 4, where a synthesis 
of about 12 pmoles of serine/ml. reaction solution in 
6 hr. is indicated. The formation of serine from 
glycine was also demonstrated by paper chromato- 
graphy of portions of the reaction solutions re- 
moved before addition of carrier serine. As the 
results of Table 4 indicate, formate was unable to 
replace formaldehyde for serine synthesis. 

Similar results on serine synthesis were obtained 
when glycine and HCHO or H™COOH were 
incubated with supplemented liver extracts (Table 
5). There was a rapid synthesis of [3-!C]serine from 
glycine and H“CHO, but none from glycine and 
HCOOH. Addition of ascorbic acid, homo- 
cysteine, yeast extract and PGA, singly and in 
various combinations, did not initiate serine syn- 
thesis from glycine and formate in the presence of 
either crude or heated (53°) liver extract, even when 
synthesis from glycine and formaldehyde was rapid. 


Role of yeast extract and PGA in [2-4C]serine 
formation from L-serine and [2-C]glycine 


As the results in Tables 1 and 2 indicate, the for- 
mation of [2-!4C]serine from [2-!C]glycine and L- 
serine in the presence of pigeon-liver enzymes was 
substantially increased when the enzyme prepara- 
tion was supplemented with PGA in catalytic 
amounts and also with a boiled yeast extract. 
A liver extract made by boiling a minced fresh 
pigeon liver with twice its weight of water for a few 
minutes produced an effect similar to that of the 
yeast extract. Yeast extract alone produced 
negligible activation of the enzyme, and PGA alone 
produced only slight activation compared with its 
effect when yeast extract was also present. The rate 
of [2-!4C]serine formation by undialysed liver 
preparations is high even in the absence of added 
PGA or yeast extract, and addition of these factors 
produces only a slight increase in rate, but the 
requirement for PGA and yeast extract is marked 
after dialysis of the liver extracts, and is greatest 
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acid and 1-5 x 10-*m PGA were present. 
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Table 5. Synthesis of [3-14C]serine by liver extracts 
from glycine and H4CHO 


Conditions as for Table 4, except that substrates were 0-02 glycine and 0-01m sodium formate (approx. 0-1 uc/mg.) 
or 0-01m formaldehyde (approx. 0-2 uc/mg.). Enzyme dialysed 20 hr. but not heated to 53°. In all cases 0-01 M L-ascorbic 


Specific activity of serine 


p-hydroxyazobenzene- { 

p’-sulphonate f 

Substrates Other additions (counts/min./cm.?) | 
Glycine, H#*COONa Yeast extract (0-50 ml.), homocysteine (0-01 Mm) 2 
Glycine, H“COONa Yeast extract (0-50 ml.) 2 
Glycine, H##*COONa None 0 
Glycine, HCHO Yeast extract (0-50 ml.), homocysteine (0-01 m) 585 
Glycine, H“CHO Yeast extract (0-50 ml.) 1135 
Glycine, H“CHO None 900 


Table 6. Effect of various cofactors (other than PGA derivatives) on [2-'4C]serine formation 
from [2-4C]glycine and u-serine by liver enzymes 


incubations were performed at 37° in evacuated Thunberg tubes each containing 0-05 L-serine, 0-02m [2-™C)]glycine 
2-68 x 10-2 uc/mg.), 0-05m THAM buffer, pH 7-7, PGA at the concentration indicated, and enzyme in a total volume of 
pe/mg Pp y 


5-00 ml. Time 6 hr. 


Other additions 


Specific activity of serine 
p-hydroxyazobenzene- 
p’-sulphonate 
(counts/min./cm.*) 


Expt. 1. Enzyme preparation dialysed 40 hr. 4-5 x 10-°m PGA present in all cases 


None 

Cobalamin (100 yg.) 

ATP (commercial preparation, 0-001 m) 
Homocysteine (0-001 Mm) 

Pyridoxal phosphate (0-001 m) 

Yeast extract (0-05 ml.) 


Yeast extract (0-50 ml.), cobalamin (100 yg.) 

Yeast extract (0-50 ml.), ATP (commercial, 0-001 m) 
Yeast extract (0-50 ml.), homocysteine (0-001 m) 

Yeast extract (0-50 ml.), pyridoxal phosphate (0-001 m) 


28 
34 
303 
35 
ll 


aA 


fio 


375 


Expt. 2. Enzyme dialysed 40 hr. and kept at 53° for 20 min. 
1-5 x 10-*m PGA and 0-01 ascorbic acid present in all cases 


None 

Yeast extract (0-50 ml.) 
ATP (0-001 m) 

ATP (0-002) 


ATP (0-001M), pyridoxal phosphate (10-*m) 


ATP (0-001m), cobalamin (100 yg.) 
ATP (0-001Mm), homocysteine (0-001 m) 


ATP (0-001Mm), DPN (7-8 x 10-°m, 47% pure) 


ATP (0-001m), TPN (10-4m, 60% pure) 


after prolonged dialysis. With well-dialysed pre- 
parations (40 hr.), the addition of PGA to the 
otherwise complete system causes from 20 to 
200-fold stimulation of [}4C]serine formation. The 
concentration of PGA required to produce maximum 
activation under these conditions was of the order 
of 10-*m (Fig. 1; Expt. 3, Table 2). Addition of 
yeast extract to the otherwise complete system 
produced increases in [2-'C]serine formation of 
from twofold, with enzyme preparations sub- 
jected to a short period of dialysis (Table 1), to 
30-fold, with well-dialysed enzyme preparations 
(Table 6). 





593 
698 
570 
36 
584 
228 
145 
193 
185 
278 
634 
654 
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Effect of other cofactors (except PGA derivatives) 

on [2-!4C]serine formation 


It has been suggested, on the basis of previous 
experimental work, that cofactors other than PGA 
derivatives participate in serine synthesis. Among 
these suggested activators are cobalamin, pyridoxal | 
phosphate (Lascelles & Woods, 1950) and homo- | 
cysteine (Deodhar & Sakami, 1953). These and 
other cofactors have been tested singly and in 
various combinations for ability to replace yeast 
extract or to activate further the synthesis of 
[2-4C]serine by dialysed liver preparations in | 


| 
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presence of yeast extract. Some of the results are 
shown in Table 6. 

No activating effect was shown under any of the 
conditions employed to study serine—glycine inter- 
conversion by pyridoxal phosphate (10-* to 10-4m), 
cobalamin (20 yg./ml.) or homocysteine (10-? to 
10-*m). Homocysteine failed to activate enzyme 
preparations for the synthesis of [}4C]serine from 
[2-44C]glycine and L-serine (Table 6) or from [2-1C]- 
glycine and formaldehyde or formate (Table 5), 
despite several repetitions of these experiments. 

Investigation of the activating effect of boiled 
yeast extract on the otherwise complete enzyme 
system for [2-4C]serine synthesis from [2-!C]- 
glycine and L-serine revealed that ATP in low con- 
centrations produced an activation similar to, al- 
though smaller than, that of yeast extract (Table 6). 
Addition of both ATP and yeast extract to the 
otherwise complete system produced only the same 
activation as yeast extract alone. A preparation of 
adenosine tetraphosphate (Marrian, 1953) produced 
a similar effect to that of ATP, while commercial 
preparations of adenosine diphosphoric acid (ADP) 
and adenosine monophosphoric acid (AMP) pro- 
duced smaller effects. Diphosphopyridine nucleo- 
tide (DPN) and triphosphopyridine nucleotide 
(TPN) in combination with ATP produced greater 
activation than ATP alone. In some cases a com- 
bination of ATP and DPN (50 % purity) equalled or 
surpassed yeast extract in its activating effect 
(Table 6). The activating effect of DPN of 83% 
purity was somewhat lower but still significant. 

Among cofactors which were tested and found 
inactive in the system were the following : coenzyme 
III, glutamic acid, N-formylglutamic acid, co- 
enzyme A. None of the divalent cations tested 
produced any effect with the exception of the cupric 
ion, which was strongly inhibitory. Ethylenedi- 
aminetetraacetate (0-5 mg./ml.) did not affect the 
enzymic reaction. The only compound other than 
those previously mentioned causing activation of 
[2-“C]serine synthesis was ascorbic acid, which 
under suitable cireumstances doubled [2-!4C]serine 
synthesis from [2-!C]glycine and t-serine (Table 7). 
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Since this activating effect of ascorbic acid is pre- 
sumably due to its reducing properties the effect of 
oxygen was investigated. Synthesis of [2-'C]serine 
under an oxygen atmosphere was considerably 
lower than in evacuated vessels, and this in turn was 
lower than under a nitrogen atmosphere (Table 7). 


Effect of PGA and other cofactors on net 
serine synthesis and breakdown 


The activating effects reported above were 
obtained in well-dialysed liver extracts catalysing 
[2-44C]serine synthesis from [2-!4C]glycine and L- 
serine, with little net synthesis or breakdown of 
serine. It was found that well-dialysed enzyme 
preparations are also activated consistently by PGA 
for catalysis of net serine synthesis from glycine and 
formaldehyde and of net serine breakdown to 
glycine and formaldehyde. It may be seen from 
Table 8 that the activating effects of PGA in these 
cases are just as great as that on [2-!4C]serine 
synthesis from [2-C]glycine and t-serine. In 
contrast to this consistent effect of PGA, it was 
found that yeast extract, ATP, DPN and ascorbic 
acid produce only slight effects, or none, on the net 
synthesis of serine from glycine and formaldehyde 
and on net serine breakdown (Table 8). The reason 
for this is discussed later. 


Effect of leucovorin on serine—glycine interconversion 


The fact that both PGA and yeast extract are 
required to activate well-dialysed liver enzyme 
preparations for the synthesis of [2-!4C]serine from 
[2-4C]glycine and L-serine may be interpreted as 
indicating the enzymic conversion, in the presence 
of ATP and DPN or yeast extract and ascorbic 
acid, of PGA into a derivative which is catalytically 
active in the serine-glycine interconversion. Since 
leucovorin (5-formy]-5:6:7:8-tetrahydroPGA) (V) 
has been suggested as the PGA derivative catalytic- 
ally active in enzymic transfers of one-carbon units 
or as representing the derivative more closely than 
PGA itself (see, for example, Jukes, 1953), it 
was tested for activation of the systems here 
investigated. 


Table 7. Effect of ascorbic acid and of oxygen on [2-!C]serine formation from [2-4C]glycine 
and w-serine in liver extracts 


Conditions as for Table 6. All tubes contained 1-1 x 10-'m PGA. Enzyme dialysed 40 hr. 


Additions 


Yeast extract 

Gas phase (0-30 ml.) 
O, Present 
O, Present 
Air (30 mm. Hg) Present 
Air (30 mm. Hg) Present 
Air (30 mm. Hg) Absent 
Air (30 mm. Hg) Absent 
N, Present 


Specific activity of serine 
. p-hydroxyazobenzene- 
L-Ascorbic acid p’-sulphonate 

(0-01 m) (counts/min./cm.*) 


Absent 309 
Present 479 
Absent 823 
Present 1496 
Present 123 
Absent 22 
Absent 1243 
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Table 8. Requirement for cofactors for net serine synthesis and breakdown 


Conditions for Expts. 1 and 2 as for Table 4, except that 0-02m formaldehyde was present in all cases and PGA was 
omitted where indicated. Conditions for Expt. 3 as for Table 3, except that PGA and yeast extract were omitted where 


indicated. 


Additions to complete system 


Specific activity of serine 


Expt. 1. Serine synthesis from [2-“C]glycine and formaldehyde 


None 

Yeast extract (0-50 ml.) 

ATP (0-001 m) 

ATP (0-001m), DPN (2 x 10-4), 
L-ascorbic acid (0-01M) 


p-hydroxyazobenzene- Serine 
p’-sulphonate formed 
(counts/min./cm.?) (umoles) 
1371 64 
1177 53 
1456 69 
1326 52 


Expt. 2. Serine synthesis from [2-“C]glycine and formaldehyde 


None 


None; PGA omitted 


1258 58 
135 5 


Expt. 3. Breakdown of [2-'C]serine to [!*C]glycine and formaldehyde 


Additions to complete system 


None; PGA and yeast extract omitted 

None; PGA omitted 

None; yeast extract omitted 

None 

ATP (0-001M); yeast extract omitted 

ATP (0-001m), DPN (2 x 10-*m); 
yeast extract omitted 

L-Ascorbic acid (0-01m) 





PGA+0-50 ml. 
yeast extract 


8 


Leucovorin+0-50 ml. 
yeast extract 


8 


Specific activity of serine 
p-hydroxyazobenzene-p -sulphonate 
(counts/min./cm.’) 


Leucovorin 


0 20 40 60 
Pteridine derivative added (ug./ml.) 


Fig. 1. Effect of PGA and leucovorin concentration 
on [2-4C]serine formation from [2-!C]glycine and 
L-serine. Conditions as for Table 1. 


Using dialysed, unheated liver extracts it was 
found that leucovorin stimulates [2-!4C]serine 
synthesis from [2-C]glycine and L-serine in a 
similar way to equimolar amounts of PGA over 
a wide range of leucovorin and PGA concentrations 
(Fig. 1). Like PGA, leucovorin requires the presence 
of yeast extract or its equivalent in order to exhibit 
its activating effect in this system. In most experi- 
ments activation by leucovorin was somewhat less 


Specific activity Glycine Formaldehyde 

of DNP-glycine formed formed 
(counts/min./em.?) (moles) (umoles) 

14 0-8 0-2 

10 0-5 0-2 

340 18-5 8-4 

323 17-7 4:3 

350 19-2 8-5 

347 19-1 7-4 

276 14-7 14-5 


than by equivalent amounts of PGA, whereas 
leucovorin should be more effective than PGA if it 
were identical with the coenzyme or represented it 
more closely than PGA. A further fact unfavourable 
to the concept of leucovorin as coenzyme is the fact 
that during incubation of PGA with yeast extract 
and the liver enzyme preparation there is negligible 
synthesis of leucovorin as determined by micro- 
biological assays. Assay with Leuconostoc citrovorum 
indicated the presence of active material equivalent 
to only 0-1% of the PGA present as assayed by 
Lactobacillus casei and Strep. faecalis R. 

Dialysed liver enzyme preparations which had 
been kept at 53° for 20 min. before removal of 
suspended material by centrifuging were activated 
toa much smaller extent by leucovorin than by PGA 
(Table 9). Heating the enzyme preparation to 53° 
therefore appeared largely to inactivate an enzyme 
converting leucovorin into the coenzyme. With 
such heated preparations leucovorin produces only 
slight activation not only for synthesis of [2-1C]- 
serine from [2-14C]glycine and L-serine, but also for 
serine breakdown (Table 9, Expt. 2). In all cases 
PGA produces as great a stimulation with heated 
as with unheated enzyme. These results con- 
stitute further evidehce against leucovorin itself 
being the coenzyme in serine-glycine intercon- 
version. 


V 
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Table 9. Activating effect of leucovorin for [2-!4C]serine synthesis from [2-14C]glycine 
and w-serine and for net serine breakdown 


as 
re Incubations were performed at 37° in evacuated Thunberg tubes each containing 0-05m THAM buffer, pH 7-7, enzyme 
(dialysed 40 hr. and treated as indicated) and substrates as indicated. Time 6 hr. 
Expt. 1. [2-C]serine synthesis from [2-C]glycine and L-serine. 
Each tube contained 0-05 L-serine, 0-02M [2-C]glycine (2-68 x 10-? wc/mg.) and yeast extract (0-50 ml.) 
Specific activity of serine 
p-hydroxyazobenzene- 
Pteridine added p’-sulphonate 
Enzyme treatment (1-5 x 10-4m) (counts/min./cm.?) 
Unheated PGA 1421 
Unheated Leucovorin 1441 
Heated (53°, 20 min.) PGA 1589 
Heated (53°, 20 min.) Leucovorin 140 
ixpt. 2. Breakdown of L-[2-'C]serine to [!*C]glycine and formaldehyde. 
Each tube contained 0-02 L-[2-"“C]serine (7-23 x 10-3 wc/mg.) yeast extract (0-20 ml.) and 0-01 m L-ascorbic acid 
Specific activity Glycine Formaldehyde 
Pteridine added of DNP-glycine formed formed 
Enzyme treatment (1-5 x 10-4m) (counts/min./em.?) (moles) (umoles) 
Heated (53°, 20 min.) PGA 352 19-3 7-5 
Heated (53°, 20 min.) Leucovorin 58 3-1 0-7 
Table 10. Activating effects of PGA derivatives on liver enzymes for serine—glycine interconversion 
Incubations were performed at 37° in evacuated Thunberg tubes each containing 0-05m THAM buffer, pH 7-7, 0-01m 
L-ascorbic acid, enzyme (dialysed 40 hr. and kept 53° for 20 min.) and substrates as indicated. Time 6 hr. 
Expt. 1. [2-'C]Serine formation from L-serine and [2-™C]glycine. 
Each tube contained 0-05M L-serine and 0-02M [2-“C]glycine (2-68 uc/mg.) 
Specific activity of serine 
p-hydroxyazobenzene- 
: Pteridine added Yeast extract p’-sulphonate 
(1-5 x 10-*m) (0-50 ml.) (counts/min./em.?) 
None Absent 8 
t None Present 4 
d PGA Absent 450 
t PGA Present 1601 
t N?°-formylPGA Absent 36 
N?°.formylPGA Present 273 
, N?°-formyltetrahydroPGA Absent 632 
; N’°-formyltetrahydroPGA Present 983 
, TetrahydroPGA Absent 1818 
' TetrahydroPGA Present 1800 
Leucovorin Present 231 


Expt. 2. Net serine synthesis from [*C]glycine and formaldehyde. 
Each tube contained 0-02m formaldehyde and 0-02 [2-“C]glycine (2-68 uc/mg.) 
Specific activity of serine 


p-hydroxyazobenzene- Serine 
Pteridine added Yeast extract p’-sulphonate formed 
(1-5 x 10-4m) (0-50 ml.) (counts/min./cm.?) (umoles) 
PGA Absent 1008 44 
TetrahydroPGA Absent 1484 71 


Expt. 3. Net [?4C]serine breakdown to [*C]glycine and formaldehyde. 
Each tube contained 0-02 L-[2-"C]serine (7-23 x 10-3 uc/mg.) 


Specific activity Glycine Formaldehyde 
Pteridine added Yeast extract of DNP-glycine formed formed 
(1-5 x 10-*m) (0-20 ml.) (counts/min./cm.?) (umoles) (umoles) 
None* Absent 13 0-7 0-3 
PGA* Absent 110 5-6 5-1 
PGA* Present 222 11-6 7:2 
TetrahydroPGA Absent 265 14-0 10-3 


* Ascorbic acid omitted. 








Activating effects of other PGA derivatives 
on serine—glycine interconversion 


Since leucovorin does not appear to be the PGA 
derivative active as a coenzyme in these reactions, 
other PGA derivatives were tested for activating 
effects. The results appear in Table 10. Of the com- 
pounds tested, the only one consistently surpassing 
PGA in its activating effect on serine—glycine inter- 
conversion was tetrahydroPGA (IV). While N?- 
formyltetrahydroPGA (III) was more effective 
than PGA in stimulating [2-'4C]serine synthesis 
from [2-!4C]glycine and serine in absence of yeast 
extract, N?°-formylPGA (II) and its tetrahydro 
derivative were considerably less effective than 
PGA when yeast extract was present in the system. 
A preparation of N!°-formyl-tetrahydroPGA which 
had been briefly aerated in an attempt to produce 
N”-formyldihydroPGA, acted similarly to the un- 
treated N?°-formyltetrahydroPGA in stimulating 
[2-!4C]serine synthesis. In a single experiment not 
recorded in Table 10, teropterin (sodium pteroyl- 
triglutamate) showed an activating effect very 
similar to that of PGA. 

In the absence of yeast extract tetrahydroPGA 
was by far the most active compound, its activating 
effect being as great as, or greater than, that of PGA 
in the presence of yeast extract on [2-!C]serine 
synthesis from [2-4C]glycine and t-serine. The 
superiority of tetrahydroPGA over PGA as acti- 


R. L. BLAKLEY 





vator of dialysed enzyme preparations, even when 
the latter are supplemented with yeast extract, is 
apparent not only in the synthesis of[2-'C]serine 
from [2-4C]glycine and L-serine, but also in net 


Equilibrium specific activity 


TetrahydroPGA 
1500 


PGA+yeast extract 


Specific activity of serine p-hydroxyazobenzene-p -sulphonate 
(counts/min./cm.’) 





0 2 4 6 
Time (hr.) 

Fig. 2. Formation of [2-!C]serine from [2-™C]glycine and 
L-serine in presence of tetrahydroPGA and of PGA and 
yeast extract respectively. Conditions as for Table 1 
except that the enzyme preparation was dialysed 40 hr. 
and heated at 53° for 20 min. 


Table 11. Inhibition by 4-aminoPGA of [2-4C]serine formation from [2-'4C]glycine and L-serine 


Conditions as for Table 6, except that yeast extract (0-50 ml.) was present in all cases and pteridines were added as 
indicated. 


Expt. 1. Enzyme dialysed 16 hr. 


Specific activity of serine 
p-hydroxyazobenzene- 


4-AminoPGA p’-sulphonate 
Pteridine added (4-4 x 10-4m) (counts/min./em.?) 
None Absent 8 
PGA (1-1 x 10-4m) Absent 1013 
PGA (2-2 x 10-4m) Absent 947 
PGA (1-1 x 10-4m) Present 84 
PGA (2-2 x 10-4m) Present 41 
Leucovorin (1-1 x 10-4m) Absent 1136 
Leucovorin (2-2 x 10-*m) Absent 1378 
Leucovorin (1-1 x 10-4m) Present 896 
Leucovorin (2-2 x 10-4M) Present 1220 


Expt. 2. 


Enzyme dialysed 40 hr. 0-01m L-Ascorbic acid present in all cases 


Specific activity of serine 
p-hydroxyazobenzene- 


Pteridine added 4-AminoPGA p’-sulphonate 
(1-5 x 10-4M) (3 x 10-*m) (counts/min./em.*) 
PGA Absent 1672 
PGA Present 29 
N*-formylPGA Absent 471 
N-formylPGA Present 39 
N”-formyltetrahydroPGA Absent 1067 
N’°-formyltetrahydroPGA Present 534 
TetrahydroPGA Absent 1721 
TetrahydroPGA Present 1536 
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serine synthesis and breakdown. This superiority of 
tetrahydroPGA is most evident during shorter 
periods of incubation, as seen from Fig. 2. [2-!4C]- 
Serine synthesis in presence of PGA and yeast is 
low during the first hour, becoming rapid only after 
the incubation has proceeded for about 2-5 hr. 
Synthesis in presence of tetrahydroPGA is initially 
very rapid, however, though the rate appears to 
diminish because the substrates are approaching 
their equilibrium radioactivities. 


Inhibitory effect of 4-aminoPGA on [2-'C]serine 
synthesis from [2-4C]glycine and L-serine 


Experiments by previous investigators on the 
toxicity of 4-aminoPGA for intact animals indicate 
that its effect is primarily due to inhibition of the 
reduction of PGA in the animal body (Nichol & 
Welch, 1950; Jukes, 1953). If, as the results re- 
ported above appear to indicate, PGA is enzymically 
reduced before becoming catalytically active in the 
systems here employed, 4-aminoPGA should inhibit 
[2-4C]serine synthesis when PGA and yeast 
extract are added to activate the enzyme system, 
but not when tetrahydroPGA and possibly other 
reduced PGA derivatives are used. Results of 
experiments designed to test whether this is the 
case are shown in Table 11. 

There is a strong inhibition of [2-'C]serine 
synthesis when PGA and yeast extract, or N?°- 
formylPGA and yeast extract, are used as acti- 
vators. In these experiments, doubling the con- 
centration of PGA did not reverse the inhibition. 
In the presence of tetrahydroPGA or leucovorin as 
activators inhibition is slight, however, and is 
reversed by increasing the concentration of leuco- 
vorin. If N°-formyltetrahydroPGA is used as 
catalyst, the inhibition produced by 4-aminoPGA is 
intermediate between that produced with PGA as 
catalyst and that when tetrahydroPGA is catalyst. 


DISCUSSION 


It has been demonstrated that soluble pigeon-liver 
extracts catalyse the synthesis of [2-14C]serine from 
[2-4C]glycine and t-serine. The course of this re- 
action has been elucidated by the following observa- 
tions. The liver enzyme preparation catalyses the 
breakdown of L-serine to glycine and formaldehyde, 
as demonstrated by accumulation of formaldehyde 
and formation of [!4C]glycine from t-[2-!C]serine: 
CH,OH.“CHNH,.COOH 
+> HCHO+"“CH,NH,.COOH. (1) 
L-Serine is also synthesized by the enzyme from 
formaldehyde and glycine. This has been demon- 
strated with isotopic carbon according to the 
reactions: 
HCHO + “CH,NH,.COOH 
+ CH,OH.“CHNH,.COOH, (2) 
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and 
HCHO + CH,NH,.COOH 
+ 4MCH,OH.CHNH,.COOH. (3) 
An obvious mechanism for the formation of 
[2-14C]serine from [2-'4C]glycine and L-serine is by 
way of the reactions: 


CH,OH.CHNH,.COOH 
+ HCHO +CH,NH,.COOH, (4) 


HCHO + “CH,NH,.COOH 
+ CH,OH.“CHNH,.COOH. (5) 


In reactions (4) and (5), however, ‘active formalde- 
hyde’ rather than the free substance may parti- 
cipate. 

The rate of reactions (1) to (5) was rapid in the 
presence of the enzyme system. In a 6 hr. period up 
to 71 umoles of serine were synthesized from glycine 
and formaldehyde (Table 10), and up to 29 umoles 
of L-serine broken down to glycine (Table 3). These 
amounts correspond to 14umoles of serine syn- 
thesized/ml. of reaction medium and 12 umoles of 
serine broken down to glycine/ml. of reaction 
medium. The initial rates are certainly considerably 
higher than these, since after a few hours the 
reaction is approaching the equilibrium state where 
synthesis and breakdown of serine are occurring at 
similar rates. Comparison of the above rates of 
breakdown and synthesis indicates that under these 
similar (though not identical) conditions the rates 
were nearly the same. 

Soluble liver enzyme preparations used in these 
experiments did not catalyse the incorporation of 
C-2 of glycine into C-3 of serine reported to occur in 
intact rats (Sakami, 1949), and even in similar un- 
recorded experiments with liver homogenates in- 
corporation of 4C into C-3 of serine did not exceed 
20 %, of the simultaneous incorporation into serine 
C-2. These observations are consistent with the 
evidence presented by Arnstein & Neuberger (1953) 
that the conversion of glycine C-2 into serine C-3 
in vivo is a function of the glycine content of the diet 
and is presumably a subsidiary mechanism to deal 
with excessive amounts of glycine. 


Formaldehyde and formate as serine precursors 


Under conditions where there is a rapid synthesis 
of serine from glycine and formaldehyde by the 
liver enzyme preparation, synthesis from glycine 
and formate is not significant (Tables 4 and 5). 
Formaldehyde is therefore closely related to the 
immediate precursor of C-3 of serine into which it is 
converted by a pathway not involving formate as an 
intermediate. These experiments do not exclude the 
possibility that the introduction of the formate 
carbon atom into the hydroxymethyl group of 
serine in vivo may occur by a pathway other than 
reduction of formate to formaldehyde, as suggested 
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by the results of Siekevitz & Greenberg (1950) and 
Berg (1951). The significance of the experiments of 
these authors is doubtful, however, since they were 
performed with liver slices where permeability 
barriers and the occurrence of some of the relevant 
reactions at localized sites in subcellular particles 
preclude free mixing of radioactive formate and 
formaldehyde with unlabelled material. The 
rapidity with which formaldehyde is incorporated 
into serine suggests, however, that formaldehyde 
may be more closely related to the immediate 
precursors of C-3 of serine than is formate. A 
similar conclusion has also been reached by Mitoma 
& Greenberg (1952), who found that the methyl 
group of sarcosine is also a good precursor of serine 
C-3, via an intermediate closely related to for- 
maldehyde. 

The reactive nature of formaldehyde and _ its 
inhibitory effect on some enzyme systems make it 
unlikely as a normal enzyme substrate, though the 
reactions studied in this investigation do not appear 
to be adversely affected by formaldehyde even in 
relatively high concentrations. On the other hand, 
liver slices form formaldehyde from the methyl 
groups of sarcosine, methionine, choline and betaine, 
from C-2 of glycine and C-3 of serine (Siekevitz & 
Greenberg, 1950; Mackenzie, 1950), so that it is 
either a normal intermediate of metabolism or 
closely related to one. It seems probable that the 
‘active formaldehyde’, which is the immediate 
precursor of serine C-3, can be formed from labile 
methyl] groups as well as from formaldehyde, and in 
vitro breaks down to produce free formaldehyde, 
but that the latter is not a normal intermediate 
in vivo. 


Role of yeast extract, ATP, DPN 
and ascorbic acid 


The pigeon-liver enzymes catalysing serine 
synthesis and breakdown are inactivated by dialysis, 
but their activity can be restored by supplementing 
them with PGA or its derivatives. In the case of 
[2-4C]serine synthesis from [2-'4C]glycine and 
L-serine, complete reactivation of the dialysed 
enzyme is achieved only when PGA or certain of its 
derivatives, ascorbic acid and a boiled extract of 
yeast or fresh liver are present (Tables 1 and 2). 
Omission of PGA from the otherwise complete 
system reduces [2-14C]serine synthesis to as little as 
0-5% of its maximum rate, but the effects of 
omitting yeast extract or ascorbic acid are smaller, 
causing the incorporation of !4C into serine to drop to 
2-50 % and to about 50% of the maximum rate 
respectively. 

Preparations of both ATP and DPN can partly 
replace yeast extract in reactivating dialysed 
enzymes for [2-14C]serine synthesis under these 
conditions, and ADP, AMP and adenosine tetra- 
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phosphate preparations have effects similar to or 
smaller than that of ATP. 

The exclusion of oxygen during the reaction in- 
creases the rate of [2-!4C]serine synthesis. This, 
together with the above facts, suggests that the 
yeast extract, ATP, DPN and ascorbic acid all 
participate in an essential reduction step, probably 
the enzymic reduction of PGA to a derivative 
catalytically active in the serine—glycine inter- 
conversion. The accumulation of an _ essential 
catalyst is also suggested by the manner in which 
the rate of synthesis of [2-!C]serine from [2-!C}- 
glycine and L-serine increases with time. When PGA 
and yeast extract are used as activators, serine 
labelling is initially very slow and there is a con- 
siderable lag period before it attains its maximum 
rate (Fig. 2). Nichol (1952) has previously reported 
an enzymic reduction of PGA in liver extracts 
which is increased by ascorbic acid, and the 
occurrence of this reaction as a necessary pre- 
liminary to serine-glycine interconversion seems to 
explain the results satisfactorily. 

Net synthesis of serine from glycine and formalde- 
hyde and the breakdown of serine with accumula- 
tion of glycine and formaldehyde are not appreci- 
ably affected by the addition to the medium of 
yeast extract, ATP, DPN or ascorbic acid, the 
addition of PGA alone being sufficient for full 
activation of dialysed enzymes for these reactions. 
This is most plausibly explained by assuming that 
formaldehyde, added as substrate or accumulated 
by the initial slow breakdown of serine, can partici- 
pate in the postulated enzymic reduction of PGA. 


Nature of the coenzyme 


In view of the evidence for an enzymic reduction 
of PGA to a catalytically active derivative, it is not 
surprising that tetrahydroPGA proved the most 
active of the PGA derivatives tested in stimulating 
serine synthesis and breakdown (Table 10). Under 
conditions where PGA and all its other derivatives 
tested require the presence of yeast extract to effect 
maximum reactivation of dialysed enzyme pre- 
parations, tetrahydroPGA produced maximum 
reactivation in absence of yeast extract. When the 
enzyme preparation is activated by tetrahydroPGA 
the rate of serine labelling is initially high and there 
is no initial lag such as occurs when the enzyme is 
activated with PGA and yeast extract (Fig. 2). The 
activating effect of PGA and its other derivatives is 
therefore presumably due to their conversion into 
tetrahydroPGA in the presence of yeast extract or 
ATP and DPN, ascorbic acid and the enzyme pre- 
paration. 

Enzymic reduction of PGA is inhibited in the 
intact animal by administration of 4-aminoPGA 
(Nichol & Welch, 1950). In accordance with this, 
4-aminoPGA added to the enzyme system strongly 













-—- s. woo 26 bee 





a ae a 


a i PRS 





54 | 


or 


is, 
he 
all 
ly 
ve 
r- 
al 
ch 








Vol. 58 


inhibited serine-glycine interconversion when it 
was dependent on production of tetrahydroPGA 
from PGA and yeast extract, but only slightly when 
tetrahydroPGA was added directly to the enzyme 
system. A moderate inhibition of serine—glycine 
interconversion by 4-aminoPGA occurred when the 
enzyme system was supplemented with N- 
formyltetrahydroPGA. This suggests that N?1°- 
formyltetrahydroPGA may be converted into tetra- 
hydroPGA at least partly by a pathway not 
involving PGA. Leucovorin is converted into 
tetrahydroPGA by a pathway not involving PGA, 
since in its presence 4-aminoPGA is only slightly 
inhibitory. Leucovorin is not itself the catalytic 
derivative of PGA, since it is less effective than 
tetrahydroPGA for activating the dialysed enzyme 
and requires the simultaneous addition of yeast 
extract to produce activation. Furthermore, after 
heating the dialysed enzyme preparation to 53° 
for 20 min., leucovorin is able to reactivate it to 
only a small extent even in the presence of yeast 
extract, whereas tetrahydroPGA reactivates it just 
as readily as before heating. Leucovorin is therefore 
converted into tetrahydroPGA by an enzyme 
sensitive to slightly elevated temperatures. 

The activating effect of tetrahydroPGA is 
presumably due to enzymic combination of tetra- 
hydroPGA with formaldehyde to form a reactive 
intermediate, which in turn may react with glycine 
to form serine and regenerate tetrahydroPGA. 
A possible structure for the intermediate (suggested 
by Dr A. Neuberger, F.R.S.) is the tetrahydroPGA 
derivative (VI), in which a tetrahydroglyoxaline 
ring is formed by condensing formaldehyde with the 
amine groups of the N*®- and N?°-positions of 
tetrahydroPGA. Crystalline tetrahydroPGA de- 
rivatives of this type, containing a glyoxaline or 
tetrahydroglyoxaline ring, have been produced by 
acid degradation of leucovorin (Cosulich, Roth, 
Smith, Hulquist & Parker, 1951). Alternatively, the 
intermediate may have the structure N*-hydroxy- 
methyltetrahydroPGA, though the greater co- 
enzyme effect of N°-formyltetrahydroPGA than 
leucovorin (Table 10) and the probably greater 
instability of the N*-hydroxymethyltetrahydro- 
PGA are less consistent with this view. 

The activating effect of leucovorin on unheated 
dialysed enzyme preparations can be readily 
explained in terms of its enzymic reduction to the 
postulated tetrahydroglyoxaline intermediate, and 
the occurrence of such a rapid transformation 
would account for the effectiveness of leucovorin in 
overcoming the toxic effect of 4-aminoPGA in vivo, 
since it bypasses tetrahydroPGA formation from 
PGA. TetrahydroPGA has only about one-third the 
activity of leucovorin in reversing the toxicity of 
4-aminoPGA for mice, and about 0-025 the growth- 
promoting activity of leucovorin for Im. citrovorum 
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(Broquist, Fahrenbach, Brockman, Stockstad & 
Jukes, 1951). This low activity of tetrahydroPGA 
in vivo compared with leucovorin may be explained 
by the fact that, while tetrahydroPGA is readily 
oxidized, leucovorin is stabilized by its N*°-formyl 
group against attack by oxygen. 

The concentrations of PGA and tetrahydroPGA 
employed in these experiments (about 10-*M) are 
very much higher than the concentration of PGA 
or leucovorin required to promote optimum growth 
of micro-organisms dependent upon them for 
growth. At concentrations below 10-*m PGA 
causes slower enzymic serine—glycine interconver- 
sion (Fig. 1). The high concentration of PGA 
necessary under these conditions is presumably due 
to the necessity for its conversion into tetrahydro- 
PGA prior to catalysing the serine—glycine reaction. 
Determination of the concentration of tetrahydro- 
PGA required for maximum serine—glycine inter- 
conversion has been hindered by the difficulty of 
preventing re-oxidation at very low concentrations 
and the impurity of the enzyme at present em- 
ployed. It will be the subject of further investiga- 
tions with a purified enzyme. 

Besides its reaction with glycine to give serine, the 
reactive intermediate must be capable of hydrolysis 
to formaldehyde and tetrahydroPGA. This is 
evident from the fact that during net serine break- 
down, formaldehyde is produced and the inter- 
mediate regenerated so that it acts catalytically. 
The turnover of the intermediate in this system can 
be determined from the amount of radioactive 
glycine formed from [2-1C]serine. The radioactivity 
of this glycine, and therefore the turnover of the 
intermediate, is increased by about 50% by 
adding non-labelled glycine to the system (Table 3). 
From this it may be inferred that the reaction of the 
intermediate with glycine to give serine is somewhat 
faster than its reaction with water to give formalde- 
hyde. The scheme proposed need not be incon- 
sistent with the observation of Elwyn, Weissbach & 
Sprinson (1951) that the conversion of C-3 of serine 
into labile methyl groups occurs without the loss of 
the carbon-bound hydrogen atoms. 

These postulated relationships of PGA derivatives 
to the serine-glycine interconversion are repre- 
sented diagrammatically on p. 460. 

Among cofactors tested and found inactive in 
these experiments is pyridoxal phosphate, despite 
the fact that this compound stimulates serine 
synthesis by washed cells of Strep. faecalis R and 
enables In. mesenteroides to grow on glycine instead 
of serine, provided a CO,-rich atmosphere is used 
(Lascelles & Woods, 1950). The indifference of 
serine synthesis in liver extracts to addition of 
pyridoxal phosphate may be due to the presence of 
closely bound pyridoxal phosphate in the enzyme 
preparation, in the same way that the presence of 
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bound pyridoxal phosphate in some transaminase 
preparation obviates the need to activate them 
with added pyridoxal phosphate (O’Kane & 
Gunsalus, 1947). 

Homocysteine has been reported to produce con- 
siderable activation of the incorporation of labelled 
formate into serine in liver extracts (Deodhar & 
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Sakami, 1953; Berg, 1953). This has been inter- 
preted as indicating that homocysteine has a 
catalytic role in one-carbon transfer, for example, by 
forming a reactive thio-ether (Berg, 1953). It has 
been found in the present work, however, that 
homocysteine is inactive or inhibitory in the 
enzyme system incorporating formaldehyde into 
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serine. This raises some doubt whether the effect of 
homocysteine in formate incorporation may not be 
due to participation of homocysteine in the specific 
enzymic reduction of formate to formaldehyde or 
of leucovorin to the tetrahydroglyoxaline (VI) or 
a similar derivative. 


SUMMARY 


1. A soluble enzyme preparation from pigeon 
liver catalyses the formation of [2-14C]serine from 
L-serine and [2-4C]glycine. pD-Serine is inactive in 
the reaction and no *4C is incorporated into C-3 of 
serine. 

2. The mechanism of this reaction has been 
elucidated by the demonstration of net synthesis of 
(14C]serine from formaldehyde and [4C]glycine, and 
of net conversion of [2-'4C]serine into [4C]glycine 
and formaldehyde in presence of the enzyme. 

3. In presence of the enzyme, H“CHO and 
glycine are converted into [3-“C]serine, but no 
synthesis of serine occurs when formate is sub- 
stituted for formaldehyde. 

4. For synthesis of [2-!4C]serine from [2-'C]- 
glycine and t-serine, well-dialysed enzyme pre- 
parations must be activated by the addition of 
pteroylglutamic acid (PGA) and a boiled extract of 
yeast or liver. The yeast extract may be replaced by 
a combination of ATP and DPN. 

5. Ascorbic acid increases the formation of 
[2-!4C]serine from [2-!4C]glycine and L-serine by the 
liver enzyme system, and the reaction is much 
faster under anaerobic conditions than in the 
presence of oxyyen. 

6. For net serine synthesis from glycine and 
formaldehyde and for net serine degradation to 
glycine and formaldehyde, dialysed enzyme pre- 
parations are fully activated by the addition of 
PGA alone. 

7. The effect of leucovorin (N*-formyltetrahydro- 
PGA) in activating the crude dialysed enzyme for 
[2-“4C]serine formation from [2-!4C]glycine and L- 
serine is similar to that of PGA; simultaneous 
addition of yeast extract is necessary for full 
activation. Heating dialysed enzyme preparations 
to 53° does not diminish their activity when 
supplemented by PGA and yeast extract, but 
activity in presence of leucovorin is decreased to 
10-20 % of its former value. 

8. Of the PGA derivatives tested, tetrahydro- 
PGA is the most effective in activating dialysed 
enzyme for serine-glycine interconversion, and it 
activates without addition of yeast extract or other 
factors. Moreover, serine-glycine interconversion 
catalysed by the enzyme and tetrahydroPGA 
commences at a high rate, but when PGA and yeast 
extract activate the enzyme there is a lag of over an 
hour before appreciable serine—glycine intercon- 
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version occurs. During this period enzymic re- 
duction of PGA to tetrahydroPGA is believed to 
occur. 

9. 4-AminoPGA inhibits serine-glycine inter- 
conversion when the enzyme preparation is supple- 
mented with PGA or N?-formylPGA, but only 
slightly when leucovorin or tetrahydroPGA are 
added as supplements. 

10. The significance of these results is discussed 
and a scheme describing the role of PGA derivatives 
in one-carbon metabolism proposed, in which it is 
suggested that tetrahydroPGA plays a central part 
in the transfer on one-carbon units. 
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Baicalinase, a Plant @-Glucuronidase 


By G. A. LEVVY 
Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 19 January 1954) 


Miwa (1932, 1935) showed that the roots of Scutel- 
laria baicalensis contain an enzyme, baicalinase, 
that decomposes baicalin and scutellarin, glucu- 
ronides of 5:6:7-trihydroxyflavone and 5:6:7:4’- 
tetrahydroxyflavone respectively. Baicalin is 
present in the roots and scutellarin in the foliage of 
S. baicalensis (Shibata, Iwata & Nakamura, 1923). 
After incubating each glucuronide with baicalinase, 
Miwa was able to isolate p-glucuronic acid and 
the aglycone, proving that the enzyme is purely 
hydrolytic in character. By measuring the reducing 
sugar liberated after several hours’ incubation at 
30°, he found that the pH for optimum enzymic 
hydrolysis was 6-0 in the case of baicalin and 5-7 in 
the case of scutellarin. 

On the evidence available, it was impossible to 
decide whether or not the flavone glucuronides 
were f-D-glucopyranuronides and baicalinase a 
B-glucuronidase, analogous to the corresponding 
compounds and enzyme of animal origin. The fact 
that they have high negative rotations suggested 
that baicalin and scutellarin were at least p- 
glucuronides. On the other hand, Miwa (1932) 
could observe no action of baicalinase on menthyl 
f-p-glucopyranuronide. From details given in his 
paper, however, it is evident that his enzyme pre- 
paration was contaminated with baicalin, and that 
his measurements of reducing sugar were subject to 
high and variable blanks. 

After earlier unsuccessful attempts (Miwa, 1932), 
Miwa (1936) was able to obtain preparations of 
almond emulsin that hydrolysed baicalin and 
scutellarin. The enzyme responsible was shown to 
be distinct from B-glucosidase, but its action on 
menthyl f-p-glucuronide was not examined. It 
was not therefore possible to say whether the 


enzyme acting on the flavone glucuronides was 
identical with the enzyme in emulsin that hydro- 
lyses menthyl B-glucuronide (Helferich & Sparm- 
berg, 1933). 

In connexion with a study of plant glucuronides, 
it was decided to examine the action of baicalinase 
on glucuronides of known structure. The experi- 
ments were limited by the fact that S. baicalensis 
was difficult to cultivate in Aberdeenshire, but 
sufficient material was obtained to establish the 
two main points, that baicalinase is a 8-glucuroni- 
dase, similar in specificity to the enzyme in animal 
tissues (Levvy & Marsh, 1952), and that baicalin 
is a f-p-glucopyranuronide. The glucuronide of 
chrysin (5:7-dihydroxyflavone), recently isolated 
from the foliage of S. galericulata (Marsh, private 
communication), was also shown to be a f-D- 
glucopyranuronide. 


EXPERIMENTAL AND RESULTS 


Materials 


Chrysin glucuronide was isolated from the leaves of S. 
galericulata and scutellarin from the leaves of Centaurea 
scabiosa (Charaux & Rabaté, 1940). These compounds were 
supplied by Dr C. A. Marsh, as were also ( — )-menthyl «-p- 
glucopyranuronide and methyl «- and £-p-galactopyranu- 
ronides, prepared by catalytic oxidation of the hexosides 
(Marsh, 1952). Baicalin was presented by Professor S. 
Hattori. Methyl f-p-glucofuranuronide was obtained in 
solution by treating its 3:6-lactone with dilute NaOH. This 
lactone and saccharo-1:4-lactone were gifts from Professor 
F. Smith. «-Ethylhexanoyl glucuronide (potassium salt) 
was presented by Professor R. T. Williams, and veratroyl 
glucuronide by Dr H. G. Bray. Potassium hydrogen 
saccharate and glucono-1:5-lactone were purchased from 
the British Drug Houses Ltd., and phenyl f-p-glucoside 
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(Helferich & Schmitz-Hillebrecht, 1933) and saccharo-3:6- 
lactone (Smith, 1944) were synthesized. As standard sub- 
strates, biosynthetic phenolphthalein £-p-glucuronide 
(Fishman, Springer & Brunetti, 1948) and (-—)-menthyl 
p-p-glucuronide (Williams, 1938) were employed. 


Enzyme assay 


To conserve enzyme, the following micro-modification of 
the phenolphthalein glucuronide method (Talalay, Fishman 
& Huggins, 1946) was adopted. A mixture of 0-2 ml. buffer, 
0-1 ml. phenolphthalein glucuronide solution and 0-1 ml. 
enzyme preparation was incubated in a stoppered tube for 
2hr. at 37°. For routine purposes, 0-1N sodium acetate— 
acetic acid buffer, pH 4-5, was used. In testing inhibitory 
compounds, the buffer concentration was doubled and 
0-1 ml. was replaced by 0-1 ml. inhibitor solution or water. 
At the end of the incubation period, 0-4 ml. glycine-Na,CO, 
buffer (Karunairatnam & Levvy, 1951), pH 10-7, was 
added, and the mixture was centrifuged at 1500 g for 15 min. 
The intensity of the red colour in the supernatant was 
measured with the Spekker Photoelectric Absorptiometer, 
using the microcells and Ilford no. 605 filter (transmitting 
530-575 my.). The results were read from a calibration 
curve constructed with standard phenolphthalein solutions 
in an identical mixture of buffers. 

The intensity of the phenolphthalein colour is a function of 
the final pH, and the latter can vary with the type, concen- 
tration and pH of the buffer originally employed in the 
enzymic hydrolysis. In studying the effect of pH on enzyme 
activity, therefore, a calibration curve was constructed for 
every pH increment. This procedure avoids further manipu- 
lation of the small volumes of fluid used in the assay, and 
was preferred to the more usual one of bringing allincubation 
mixtures to a fixed final pH, either before or after adding the 
glycine-Na,CO, buffer. 


Preparation of the enzyme 


Preliminary observations. Miwa (1932) started with an 
aqueous-glycerol extract of S. baicalensis root. The enzyme 
was adsorbed on kaolin at acid pH and eluted with aqueous 
ammonia. That the final preparation was contaminated with 
baicalin is not surprising since this compound is soluble in 
alkali and insoluble in acid. 

The plant material available in the present work was 
insufficient for a systematic investigation of the extraction 
and purification of the enzyme, but the following opinions 
were formed in preliminary experiments. On grinding S. 
baicalensis root with water (25 ml./g. moist root) in a glass 
homogenizer, and centrifuging at 1500 g for 15 min., two- 
thirds of the enzyme activity passed into the supernatant. 
Very little of the residual enzyme activity in the plant 
debris was released on rehomogenizing in fresh water. None 
of the debris enzyme passed into the aqueous layer on 
incubating the ‘homogenate’ for 2 hr. at 37°, but the incu- 
bation caused a slight fall in the total activity. When the 
root was homogenized in 0-1N sodium acetate-acetic acid 
buffer, pH 4-0 or 5-2, instead of water, the fraction of the 
enzyme activity that went into the supernatant was con- 
siderably reduced, even after subsequent incubation of the 
homogenate. Acetate ion, incidentally, under these condi- 
tions of pH and concentration, did not precipitate any of the 
enzyme once it was in solution. Treating the plant debris 
with acetone led to a loss in enzyme activity, but made all 
the remaining enzyme in the debris soluble in water. 
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The original aqueous extracts obtained by centrifuging 
water homogenates were only feebly active in hydrolysing 
phenolphthalein glucuronide, several hours’ incubation at 
37° being required for this to be perceptible. Moreover, the 
extracts were strongly yellow and gave rise to high enzyme 
blanks. It was therefore necessary to find a way of pre- 
cipitating the enzyme, with maximal separation from 
baicalin. 

At pH 5-2 (0-1N sodium acetate—acetic acid buffer), the 
enzyme could be quantitatively precipitated by (NH,),SO, 
at 67% saturation. This step removed most, but not all, of 
the baicalin. Sometimes, however, there was extensive 
enzyme inactivation. The enzyme could also be precipitated 
from aqueous solution by acetone. As already noted, this 
led to a loss in activity, but with suitable precautions the 
loss did not exceed one-third of the total activity. Nearly all 
the baicalin could be removed during the acetone precipita- 
tion, and if the whole homogenate was used the loss in total 
enzyme activity was compensated for by the extra release of 
enzyme from the plant debris on subsequent extraction with 
water. Precipitation with acetone was made the basis of the 
following procedure. 

Procedure. After being chopped into pieces 2-3 mm. long, 
2g. fresh S. baicalensis root was homogenized in 50 ml. 
water, ina glass homogenizer for 1 min. at room temperature. 
With stirring, 200 ml. acetone was poured into the homo- 
genate at room temperature. The mixture was centrifuged at 
1200 g for 15 min., and the strongly yellow supernatant was 
discarded. After being washed on the centrifuge with 90% 
aqueous acetone until the washings were colourless, the 
sediment was freed from most of the residual acetone in 
a stream of compressed air. Enzyme was extracted by 
stirring the solid with 25 ml. water and centrifuging at 
1800 g for 15 min. When the supernatant was stored in the 
refrigerator, the activity did not alter in 3 weeks. The pre- 
paration was only very slightly yellow and had an almost 
negligible blank in the assay with phenolphthalein glu- 
curonide. Increasing the acetone concentration beyond the 
figures specified led to very great losses in enzyme activity 
during the precipitation and washing. 


Kinetic studies 

Variation in activity with pH. Fig. 1 shows 
pH/activity curves for the hydrolysis of phenol- 
phthalein glucuronide by baicalinase in acetate and 
citrate buffers. The pH values are corrected for the 
effects of substrate and enzyme on the buffer. In 
dilute acetate buffer (0-05N), optimum activity 
extended from pH 4-4 to about pH 5-5. In more 
concentrated acetate buffer (0-25N), a sharp peak 
was seen, at about pH 3-8. In citrate, the pH/ 
activity curve appeared to undergo a similar 
change in shape with increasing buffer concentra- 
tion. All the experiments shown in Fig. 1 were done 
with a single enzyme preparation which, measured 
under standard conditions, did not alter in activity. 
The activity at the pH optimum varied somewhat 
from buffer to buffer, but since this factor did not 
remain constant in repeated experiments, its effect is 
not shown in Fig. 1. For further work with baica- 
linase, sodium acetate—acetic acid buffer, pH 4-5, in 
a final concentration of 0-05N, was selected. 
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Fig. 2. Effect of varying the substrate concentration on the 
rate of hydrolysis of phenolphthalein glucuronide by 
baicalinase. Acetate buffer, pH 4-5, final concentration 
0-05N. 


Variation in activity with phenolphthalein glu- 
curonide concentration. Results of a typical experi- 
ment are shown in Fig. 2. Neither in this nor in any 
other experiment was there any indication of in- 
hibition by excess substrate in concentrations up to 
0-005m. Analysis of the results in Fig. 2 by the 
method of Lineweaver & Burk (1934) gave a value of 
5-2 x 10-*m for K,,,, the dissociation constant of the 
enzyme-substrate complex. The mean value ob- 
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Effect of pH on the rate of hydrolysis of 0-0025m phenolphthalein glucuronide by baicalinase in (a) sodium 
acetate—acetic acid and (b) sodium citrate—citric acid buffer. 
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Fig. 3. Phenolphthalein liberated from 0-0025m phenol- 
phthalein glucuronide after varying periods of incubation 
with baicalinase at 37°. Acetate buffer, pH 4-5, final 
concentration 0-05N. 


tained in five experiments was 5-6 x 10-4m (range 
4-0-7-2x 10-4m). A substrate concentration of 
0-0025™ was selected for routine assays. 

Effects of varying the period of hydrolysis and the 
enzyme concentration. As shown in Fig. 3, the rate of 
hydrolysis of phenolphthalein glucuronide remained 
unchanged during 4 hr. incubation at 37° under the 
selected conditions of assay. That the activity of the 
enzyme preparation was directly proportional to the 
amount used is illustrated in Fig. 4. Among other 
things, Fig. 4 shows that baicalin was not present in 
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Fig. 4. Phenolphthalein liberated from 0-0025m phenol- 
phthalein glucuronide by varying concentrations of bai- 
calinase after 2 hr. at 37°. Acetate buffer, pH 4-5, final 
concentration 0-05N. 


Table 1. Effects of possible inhibitors and alternative 
substrates on the hydrolysis of (a) 0-0025m and 
(6) 0-00125m phenolphthalein B-glucuronide by 
baicalinase 


Acetate buffer, pH 4-5, final concentration 0-05N. 


Inhibition of 
hydrolysis of 


Final _ phenolphthalein 
concen- glucuronide (%) 
tration 

Test compound (m) (a) (b) 
Saccharo-1:4-lactone 0-0005 38 48 
Saccharo-3:6-lactone 0-005 Nil = 
(-)-Menthyl «-glucuronide 0-01 Nil Nil 
(-)-Menthyl £-glucuronide 0-01 20 27 


Methyl «-galacturonide 0-01 Nil 


Methyl B-galacturonide 0-01 Nil Nil 
Methyl 8-glucofuranuronide 0-01 Nil Nil 
Veratroyl glucuronide 0-01 23 44 
a-Ethylhexanoyl glucuronide 0-01 15 30 
Chrysin glucuronide 0-0025 13 30 
Scutellarin 0-005 24 57 


important amounts in the baicalinase preparation. 
If it had been, the effect of this competing substrate 
in increasing concentration would have resulted in 
a progressive fall in the net activity of the enzyme 
for phenolphthalein glucuronide. 


Studies of specificity and inhibition 

A variety of compounds were tested for their 
effects on the hydrolysis of phenolphthalein glu- 
curonide by baicalinase, with the results shown in 
Table 1. Liberation of phenolphthalein can be 
slowed, not only by inhibitors in the usual sense of 
the word, but also by alternative substrates for the 
enzyme. As a test for possible new substrates, this 
technique has the advantage over direct measure- 
ments of hydrolysis that the ultimate standard is a 
known substrate, rather than an enzyme prepara- 
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tion of doubtful purity (see Levvy & Marsh, 1954). 
This method has the added advantage that it is 
very sparing in materials. 

The first point to be noted from Table 1 is that all 
the depressant compounds acted competitively, 
inasmuch as the percentage inhibition increased 
with falling phenolphthalein glucuronide concen- 
tration. Like animal B-glucuronidase (Levvy, 1952), 
baicalinase was inhibited by the 1:4-lactone of 
saccharic acid, but not by the 3:6-lactone. Menthyl 
B-p-glucuronide also depressed the release of 
phenolphthalein, and it would appear to be safe to 
conclude that this was a case of substrate competi- 
tion. Baicalinase is apparently specific for p- 
glucopyranuronides, since neither menthyl «-glu- 
curonide, methyl 8-glucofuranuronide nor methyl 
B-galacturonide had any effect in these tests. 

The acyl glucuronides, veratroyl and «-ethyl- 
hexanoyl glucuronide, both depressed the hydro- 
lysis of phenolphthalein glucuronide by baicalinase. 
In unpublished experiments, we have found that 
these compounds act similarly when the enzyme is 
animal f-glucuronidase, and that animal f-glucu- 
ronidase hydrolyses the acyl glucuronides, suggest- 
ing that they are substrates for baicalinase, rather 
than competitive inhibitors in the usual sense. 

The fact that scutellarin depressed the liberation 
of phenolphthalein from the glucuronide by bai- 
calinase proves that we are dealing with the same 
enzyme as Miwa (1932). Chrysin glucuronide also 
caused depression. From what we now know of the 
specificity of the enzyme it appears that these 
flavone glucuronides are £-glucopyranuronides. 
Both of these compounds interfered badly in the 
colour reaction for phenolphthalein and the results 
have been corrected for this. In the case of seutel- 
larin, its insolubility at the pH of enzyme assay was 
a more serious source of error and probably robs the 
results for this compound of much of their quanti- 
tative value. 

Determinations of K;, the dissociation constant 
of the enzyme-inhibitor complex, were carried out 
by the method of Lineweaver & Burk (1934) for 
saccharo-1:4-lactone and menthyl f-glucuronide. 
The figures obtained in two experiments were 1-9 
and 2-1 x 10-*m (mean 2-0 x 10-‘m) for saccharo- 
1:4-lactone, and 1:40 and 1-38x10-?mM (mean 
1-39 x 10-?m) for menthy] £-glucuronide. The latter 
figure should be approximately the same as K,,,, the 
dissociation constant of the enzyme-substrate 
complex, for the hydrolysis of menthyl f-glucu- 
ronide by baicalinase (see Levvy & Marsh, 1954). 

In experiments carried out before the conditions 
of enzyme assay were standardized, it was found 
that hydrolysis of 0-0005m phenolphthalein glu- 
curonide by baicalinase in Na,HPO,-citrie acid 
buffer (McIlvaine, 1921), pH 4, was not depressed 
by 0-01m phenyl f-glucoside or 0-001m glucono- 
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1:5-lactone, although saccharo-1:4-lactone had its 
usual effect. Glucono-1:5-lactone is a powerful 
inhibitor for a microbial f-glucosidase (Conchie, 
1953). In agreement with Miwa (1932), it is con- 
cluded that baicalinase is not just a B-glucosidase of 
low specificity. 


Presence of the enzyme in other roots 


Some other plants were examined for the presence 
in the roots of an enzyme similar to that in S. 
baicalensis. The preparation of the enzyme and the 
measurement of its activity were in general carried 
out as described for baicalinase. Incubation of the 
enzyme with phenolphthalein glucuronide was, 
however, extended to 16 hr., and, as well as the 
acetone-treated preparation, the crude supernatant 
obtained by centrifuging the original ‘homogenate’ 
was tested. 

Scutellaria albida (found to grow vigorously out 
of doors in Aberdeenshire) contained an enzyme 
similar to baicalinase, but the activity of the root 
was only about one-eighth that of S. baicalensis root. 
With the S. albida preparation, it was noted that the 
enzyme was unstable to treatment in the Waring 
Blendor, an observation which would presumably 
apply to baicalinase also. S. tournefortii, S. 
columnae, S. galericulata (‘common skullcap’) and 
C. scabiosa (‘greater knapweed’) roots had very 
little, if any, enzyme activity. 


The action of mouse-liver B-glucuronidase on baicalin 


Since iack of enzyme precluded attempts to 
demonstrate hydrolysis of menthyl f-glucuronide 
by baicalinase, the converse experiment was carried 
out of hydrolysing baicalin with mouse-liver f- 
glucuronidase, an enzyme of fairly well-defined 
specificity (Levvy & Marsh, 1952). Similar experi- 
ments were done with chrysin glucuronide. The 
mouse-liver enzyme was freed from potential 
reducing material as described by Levvy & Marsh 
(1952), and the liberation of reducing sugar was 
measured by a micro-cerimetric procedure (Levvy, 
1946). Contrary to our previous experience with 
trichloroacetic acid (TCA) (Levvy, 1946), the 
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sample used in the present work was quite free from 
reducing material and was entirely satisfactory as 
a protein precipitant. 


Miwa (1932, 1935) observed that baicalin interferes in the 
measurement of reducing sugar, and he removed it by 
precipitation with dilute H,SO,. After precipitation with 
TCA, some baicalin remains in solution. Since baicalin and 
baicalein are both easily soluble in ethyl acetate, the TCA 
filtrate was therefore extracted with this solvent before 
adding the alkaline ferricyanide. The blanks were thus 
reduced to very small proportions. Ethyl acetate does not 
extract glucuronic acid from freshly acidified aqueous 
solutions. The same procedure was adopted with chrysin 
glucuronide. 

The incubation mixture consisted of 0-4 ml. 0-2.N sodium 
acetate-acetic acid buffer, pH 4-5, 0-4 ml. 8-glucuronidase 
preparation, 0-4 ml. water and 0-4 ml. substrate solution, 
pH 4-5. After 2 hr. at 37°, 1-6 ml. 10% (w/v) TCA were 
added and the mixture was placed in the refrigerator for 
10 min. It was then centrifuged at 1500 g for 15 min. The 
supernatant was withdrawn and 1-6 ml. were extracted 
thrice in a separating funnel with 1 ml. ethyl acetate each 
time. The ethyl acetate had previously been washed with 
water, but not dried. Last traces of ethyl acetate were 
removed from the aqueous layer by keeping it warm and 
passing a current of air over the surface. To 0-8 ml. of the 
aqueous layer, 0-2 ml. 11% (w/v) Na,CO, was added to 
neutralize any TCA not removed in the extraction. Addi- 
tion of alkaline ferricyanide and other steps in the estimation 
then followed, as described by Levvy (1946). To test for 
inhibition of the enzyme, the water in the incubation 
mixture was replaced by 0:4ml. potassium hydrogen 
saccharate solution, boiled before use for 30 min. This 
converts one-third of the saccharate ion into saccharo-1:4- 
lactone (Levvy, 1952). 


The results of such experiments are shown in 
Table 2. In each experiment, parallel enzyme 
hydrolysis was carried out with menthyl f-glucu- 
ronide as substrate. With this substrate, it was 
necessary to dilute the enzyme preparation to one- 
third in order to reduce the hydrolysis to measur- 
able dimensions. 

It can be seen from Table 2 that the plant glucu- 
ronides were rapidly hydrolysed by mouse-liver 
B-glucuronidase. From what is known of the 
specificity of this enzyme (Levvy & Marsh, 1952), it 


Table 2. Liberation of reducing sugar from plant glucuronides by mouse-liver B-glucuronidase 


Saccharate solution boiled for 30 min. before use. 


Expt. Substrate 
no. (final concentration) 


1 0-0025m Chrysin glucuronide 
0-0025m Chrysin glucuronide 
0-01m Menthyl £-glucuronide 
0-01m Menthyl f-glucuronide 
0-00125M Baicalin 
0-00125mM Baicalin 
0-01m Menthyl f-glucuronide 
0-01m Menthyl £-glucuronide 


* Total in incubation mixture (1-6 ml.). 


Glucuronic 
acid liberated Inhibition 
(ug.)* (%) 

388 — 

168 57 
292+ ‘ 
64+ 78 

328 — 

198 40 
166+ — 
42+ 75 


Inhibitor 

(final concentration) 
None 
2-5 x 10-4m Saccharate 
None 
2-5 x 10-5m Saccharate 
None 
1-25 x 10-4m Saccharate 
None 
2-5 x 10-5m Saccharate 


+ Enzyme preparation diluted to one-third. 
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follows that baicalin, like chrysin glucuronide, is 
a B-glucopyranuronide. Hydrolysis of the flavone 
glucuronides was inhibited by ‘saccharate’, but 
much more feebly than hydrolysis of menthyl f- 
glucuronide. This indicates that the former have 
much greater affinities than menthyl B-glucuronide 
for the enzyme. (The relative rates of hydrolysis of 
two substrates bear, of course, no relation to their 
relative affinities for an enzyme.) 

To measure the affinities of the plant glucuronides 
for mouse-liver B-glucuronidase, K; was determined 
for their actions as competing substrates in the 
hydrolysis of phenolphthalein glucuronide by the 
enzyme. The macro-procedure previously employed 
in studying the inhibition of this enzyme (Levvy, 
1952) was followed. Since the phenolphthalein 
method is much more sensitive than measurements 
of reducing sugar, the enzyme concentration, in 
terms of mouse liver, was only 2% of that em- 
ployed in the experiments in Table 2. It is unlikely, 
therefore, that hydrolysis of the plant glucuronides 
during the 1 hr. incubation was great enough to 
cause any significant fall in the effective concentra- 
tion. The figures obtained at two pH values for K; 
are shown in Table 3 and compared with some other 
dissociation constants for animal f-glucuronidase. 
The high affinity of baicalin and chrysin glucu- 
ronide for mouse-liver £-glucuronidase permitted 
the use of concentrations (5x 10-'m) too low to 
interfere in the phenolphthalein colour reaction. 
Baicalin and chrysin glucuronide had similar 
affinities for the enzyme, about 400 times greater 
than that of menthyl f-glucuronide, and at least 
10 times greater than that of phenolphthalein f- 
glucuronide, the substrate with the highest affinity 
hitherto known for animal £-glucuronidase. This 
latter point receives confirmation from the fact that 
such high concentrations of ‘saccharate’ were 
required to inhibit direct hydrolysis of the plant 
glucuronides (Table 2), compared with phenol- 
phthalein glucuronide (Levvy, 1952). 
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DISCUSSION 


Using baicalin and scutellarin as substrates, Miwa 
(1932, 1935) showed quite convincingly that 
baicalinase is a hydrolytic enzyme. Since it has now 
been shown to act on phenolphthalein f-p-glu- 
curonide, and to be specific for B-p-glucopyran- 
uronides, baicalinase can be classified as a B-glucu- 
ronidase, similar to the enzyme in animal tissues. 
It also follows that baicalin and scutellarin are 
B-D-glucopyranuronides, a conclusion that is 
supported by the finding that baicalin is hydrolysed 
by animal £-glucuronidase. The newly discovered 
chrysin glucuronide (Marsh, private communica- 
tion) is also a B-D-glucopyranuronide. 

Like animal £-glucuronidase and other similar 
enzymes (Levvy, 1952), baicalinase is inhibited by 
saccharo-1:4-lactone. Compared with its action on 
animal f-glucuronidase, however, the lactone is 
a relatively feeble inhibitor of baicalinase, the dis- 
sociation constant of the enzyme-inhibitor complex 
being 2-0x10-*m, compared with a figure of 
5-4 x 10-?m for mouse-liver B-glucuronidase (Table 
3). The affinity of baicalinase was quite high for 
phenolphthalein £-glucuronide (K,, = 5-6 x 10-*M), 
and rather low for menthy]l £-glucuronide 


(K,,= 1-39 x 10-*). 


It is unfortunate that no comparable figure is 
available for baicalin. The failure by Miwa (1932) to 
observe hydrolysis of menthyl f-glucuronide by 
baicalinase can, it is thought, be put down to a 
combination of three factors: (a) the insensitivity of 
the reducing sugar estimations, (b) the presence of 
the competing substrate, baicalin, in the enzyme 
preparation, and (c) the low affinity of the enzyme 
for menthyl f-glucuronide. 

The pH/activity curve for the hydrolysis of 
phenolphthalein glucuronide by baicalinase in 
acetate buffer changed its shape as the concentra- 
tion of the buffer was increased. The broad optimum 


Table 3. Affinities of various compounds for animal B-glucuronidase 
relative to that of phenolphthalein glucuronide 


In the case of menthyl £-glucuronide, the enzyme was prepared from ox spleen, in all other cases from mouse liver. 


Compound 


Phenolphthalein £-glucuronide 
Saccharo-1:4-lactone 

Boiled saccharate solution* 
Chrysin glucuronide 

Chrysin glucuronide 

Baicalin 

Baicalin 


Menthyl B-glucuronide 


Se Ue eu 
eo Hien wer 


* The constants have no theoretical significance in this instance, but 


see Levvy, 1952). 


Dissociation 


constant Relative 
(10-®m) affinity Reference 
130 ] ) 
0-54 240 Levvy, 1952 
1-6 81 j 
10 5 | 
6-2 21\ This paper 
12 1] | —— 
8-8 15 
4000 0-033 Fishman, 1939 


provide a useful measure of inhibitory power 


30-2 
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gave way to a definite peak at pH 3-8. To explain 
this phenomenon it is suggested that in the original 
enzyme preparation the active protein was in a 
state of loose combination with one or more anions 
derived from the plant tissue, and that these were 
replaced by acetate ion, to an extent depending 
upon the concentration of the latter. A similar 
explanation may apply to the change in the shape 
of the pH/activity curve for animal B-glucuronidase 
that is seen on adding a number of different anions 
(for review, see Levvy, 1953). Smith & Mills (1953), 
however, favour an explanation in terms of specific 
inhibition and activation of different enzyme- 
protein fractions by the anions. It is difficult to 
see how such an explanation could be applied to the 
present observations with baicalinase. 

Animal £-glucuronidase preparations show little 
change in the pH optimum with different substrates 
(see, for example, Mills, 1948). The reason for this 
probably lies in the finding by Robinson, Smith & 
Williams (1953) that the nature of the aglycone has 
little effect on the ionization of a B-glucuronide. It 
seems unlikely, therefore, that the pH optimum for 
baicalinase will shift much from substrate to sub- 
strate. Nevertheless, Miwa (1932, 1935) obtained 
figures for optimum hydrolysis of baicalin and 
scutellarin (6-0 and 5:7 respectively), that are 
appreciably higher than any figure obtained here 
for phenolphthalein glucuronide. It is perhaps 
significant that, in the case of scutellarin at least, 
Miwa used buffers of different composition for 
different pH values in determining the optimum. 

It is interesting to note that animal £-glucuroni- 
dase and other glucuronide-decomposing enzymes 
fall into two distinct groups according to their pH 
optima. All animal £-glucuronidase preparations 
have an optimum at pH 4-5 and some have an 
additional optimum at pH 5-0 to 5-2. Other 
glucuronide-decomposing enzymes with the op- 
timum at pH 4-5 include the enzyme from locust 
saliva (Robinson, Smith & Williams, 1953a) and the 
one from the livers of terrestial snails (Nagaoka, 
1950). The enzyme from marine molluscs (Dodgson, 
Lewis & Spencer, 1953) has the reported optimum 
at pH 4-0. This optimum was determined in 0-25N 
acetate buffer, and one wonders whether, as in the 
case of baicalinase, it would have been higher in 
a more dilute buffer. In any case, all the enzymes 
thus far mentioned display, apart from the addi- 
tional peak at pH 5-0-5-2, their greatest activity at 
pH 4-5 or less. It is evident that baicalinase falls 
into this group. The second group of glucuronide- 
decomposing enzymes, all with a single peak in the 
pH/activity curve, consists of those from Escherichia 
coli (Buehler, Katzman & Doisy, 1949; Smith & 
Mills, 1950), pH optimum 6:2, Streptococcus 
haemolyticus (Jacox, 1953), pH optimum 5-5-—7-0, 
and sheep rumen liquor (Karunairatnam & Levvy, 
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1951), pH optimum 6-1. All the enzymes in the 
second group are microbial in origin. 

S. baicalensis root is not very rich in £-glucu. 
ronidase activity. Under comparable conditions of 
assay, the activity of the root in hydrolysing phenol. 
phthalein glucuronide did not exceed, in terms of 
moist weight, one-tenth that of adult mouse liver, 
not itself a particularly rich source of B-glucuroni- 
dase. Nevertheless, it would seem that baicalinase 
must play an important part in the metabolism of 
S. baicalensis, since Shibata et al. (1923) found that 
baicalin forms 10—20 % of the dry weight of the root. 
The occurrence of this rather unusual type of plant 
glycoside, along with the appropriate glycosidase, 
raises the interesting possibility that a selective 
enzyme inhibitor, such as saccharo-1:4-lactone, 
might act as a selective plant growth regulator. 
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SUMMARY 





1. Baicalinase, a hydrolytic enzyme from the 
root of Scutellaria baicalensis (Miwa, 1932, 1935), 
hydrolyses phenolphthalein f-p-glucuronide. The 
enzyme is specific for B-p-glucopyranuronides, and 
is competitively inhibited by saccharo-1:4-lactone. 

2. The flavone glucuronides, baicalin and chrysin 
glucuronide, are B-D-glucopyranuronides. 








The author is indebted to the Royal Botanic Gardens, 
Kew, for seeds of S. baicalensis and other species of Scutel- 
laria, to Mr A. McAllan for technical assistance, and to 
Dr C. A. Marsh for a preliminary account of his work on 
chrysin glucuronide. 
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The Relation between Biotin and Tryptophan Metabolism 
Studied in Neurospora crassa 


By E. R. B. SHANMUGA SUNDARAM, M.O. TIRUNARAYANAN anp P. S. SARMA 
University Biochemical Laboratory, Madras 25 


(Received 22 March 1954) 


The observation by Krehl, Teply, Sarma & Elvehjem 
(1945) that rats deficient in nicotinic acid would 
grow well if tryptophan was supplied elicited much 
interest, and a number of reports have appeared 
showing that tryptophan is the dietary precursor of 
nicotinic acid and its derivatives in the rat (Rosen, 
Huff & Perlzweig, 1946), pig (Luecke, McMillen, 
Throp & Tull, 1947), horse (Schweigert, Pearson & 
Wilkening, 1947), dog (Singal, Sydenstricker & 
Littlejohn, 1948) and man (Sarett & Goldsmith, 
1947). It has also been established both in the rat 
(Heidelberger, 1949) and the Ascomycete fungus, 
Neurospora (Mitchell & Nyc, 1948) that tryptophan 
is converted into nicotinic acid through a series 
of intermediary substances, such as kynurenine, 
3-hydroxykynurenine, and 3-hydroxyanthranilic 
acid. 

Some of the vitamins of the B group influence the 
conversion of tryptophan into nicotinic acid. The 
investigations of Lepkovsky, Roboz & Haagen- 
Smit (1943), Schweigert & Pearson (1947), Rosen, 
Huff & Perlzweig (1947) showed that pyridoxine has 
arole in the conversion of tryptophan into nicotinic 
acid in the rat, mice and swine. Junqueira & 
Schweigert (1948) noted reduced urinary excretion 
of nicotinic acid and N’-methylnicotinamide in rats 
deficient in thiamine, riboflavin, pyridoxine and 
pteroylglutamic acid. Porter, Clark & Silber (1948) 
showed that thiamine, riboflavin and pyridoxine 
also affect the excretion of kynurenine, kynurenic 
acid and xanthurenic acid. Henderson, Weinstock 
& Ramasarma (1951) reported that during riboflavin 
and pyridoxine deficiencies, the ability of the rat to 
convert tryptophan and kynurenine into quinolinic 
acid was markedly impaired. These deficiencies, 
however, had no effect on the conversion of 3- 
hydroxyanthranilic acid into quinolinic acid. 


Shanmuga Sundaram, Ranganathan & Sarma 
(1951), using deoxypyridoxine, an antimetabolite of 
pyridoxine, showed that pyridoxine is involved in 
the biosynthesis of nicotinic acid in germinating 
pulses (Phaseolus mungo). 

The vitamin biotin (I) has been shown to be 
involved in amino acid oxidation (Lichsten & 
Umbreit, 1947; Thayer & Horowitz, 1951), and 
since this process takes place in tryptophan meta- 
bolism (Dalgliesh, 1951) it was thought that biotin 
might possibly have an influence in the metabolism 
of tryptophan as well. Further, Shanmuga Sund- 
aram & Sarma (1954) found that the antimetabolite 
of biotin, y-(3:4-ureylenecyclohexyl)butyric acid 


__-CO 
NH \ 
— bes a 
CH,—CH NH ot “oh 
x joo 
CH, CH 
CH——_CH——NH Se 
oH 
(CH,), (CH,)s 
COOH COOH 
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(II), exerts a deleterious effect on the biosynthesis of 
nicotinic acid in germinating pulses and this was 
accompanied by a marked accumulation of trypto- 
phan. This inhibition of the synthesis of nicotinic 
acid and utilization of tryptophan was overcome by 
the addition of excess biotin. However, it was found 
that certain pyridine nucleotide-linked dehydro- 
genases of Aspergillus oryzae were considerably 
affected during biotin deficiency (Tirunarayanan & 
Sarma, to be published). Hence, studies were 
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undertaken to elucidate the role and site of action 
of biotin in the conversion of tryptophan and its 
metabolites into nicotinic acid. Moreover, it was 
found that by using mutant strains of Neurospora 
crassa unable to synthesize nicotinic acid on the 
basal medium, but which respond quantitatively to 
each of the metabolites formed during the course of 
the conversion of tryptophan into nicotinic acid, 
both the site of action of biotin and the amount of 
utilization of the various metabolites could be 
conveniently observed. y-(3:4-Ureylenecyclohexy])- 
butyric acid was used as the antimetabolite of 
biotin in these studies. 


EXPERIMENTAL 


Organism and growth media. Two strains of N. crassa 
(39401 and 5029), obtained through the courtesy of Dr 
Herschel K. Mitchell, University of California, U.S.A., were 
used in the investigation. Strain 39401 is able to utilize all 
the metabolites of tryptophan for nicotinic acid synthesis, 
and the gene block is located at the precursor—indole 
linkage, as illustrated in the accompanying scheme. This 
strain is able to synthesize serine. 


gene block (39401) 


precursor —> indole > tryptophan — kynurenine 
{ <-gene block (5029) 
nicotinic <- 3-hydroxyanthranilic <- 3-hydroxykynurenine 
acid acid 


Strain 5029, however, is not able to utilize either tryptophan 
or kynurenine, but is able to convert 3-hydroxykynurenine 
and 3-hydroxyanthranilic acid into nicotinic acid. Here the 
gene block is located at the kynurenine3-hydroxykynure- 
nine linkage. 

The organisms were cultured as described by Horowitz & 
Beadle (1943) on Fries’s medium which had the following 
composition (g./l.): ammonium tartarate, 5; NH,NO,, 1; 
K,HPO,, 1; NaCl, 0-1; MgSO,, 0-5; CaCl,, 0-1; D-glucose, 
20; and the following trace elements, added as salts in 
mg./l.: B, 0-01; Mo, 0-02; Fe, 0-2; Cu, 0-1; Mn, 0-02 and 
Zn, 2-0. Biotin was added at a level of 5 yg./1. The pH of the 
medium largely depended upon the metabolite utilized by 
the organism. It was adjusted to 4-6 in the case of nicotinic 
acid and 3-hydroxyanthranilic acid, and to 5-6 in the case of 
tryptophan, formylkynurenine, kynurenine and 3-hydroxy- 
kynurenine. The media were dispensed in 10 ml. lots in 
50 ml. conical flasks and sterilized at 15 lb. for 15 min. The 
inoculum was made by suspending washed spores from 
a 72 hr. old slant in sterile saline and adjusting the sus- 
pension to 80% transmission in a photoelectric colorimeter ; 
one drop of this suspension was added to each flask. Incu- 
bation was carried out at 28-30° for 72 hr. The mycelia were 
then collected, washed, partially dried on filter-paper folds 
and then dried to constant wt. in a vacuum desiccator. The 
dried mycelia were then accurately weighed in a Roller- 
Smith Torsion balance. 

The growth response of the two strains of N. crassa to the 
various metabolites (Figs. 1 and 2) indicates that the 
optimum levels (in yg.) of the metabolites for maximal 
growth are as follows: L-tryptophan, 200; p1i-formyl- 
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kynurenine, 175; pDu-kynurenine sulphate, 120; pt-3. 
hydroxykynurenine, 80; 3-hydroxyanthranilic acid, 25; 
nicotinic acid, 7-5. The influence of the antimetabolite 
of biotin, y-(3:4-ureylenecyclohexyl)butyric acid, on the 
utilization of the various metabolites for nicotinic acid 
synthesis by the organisms was studied with the metabolites 
added in such a manner as to promote maximal growth of 
the organisms, so that any decrease in growth would be due 
not to a partial deficiency with respect to the metabolite but 
only to an interference caused by the presence of the 
ureylene derivative (see Figs. 3 and 4). 






a 8S & 8 


= 
oO 


Weight of dry mycelium (mg.) 






20 40 60 80 100120 140 160 180 200 220 240 
Tryptophan metabolites (g./10 ml.) 


- 


Fig. 1. Growth response of N. crassa (strain 39401) to 
varying concentrations of: I, L-tryptophan; II, p1- 
formylkynurenine; III, pu-kynurenine sulphate; IV, 
DL-3-hydroxykynurenine; V, DL-3-hydroxykynurenine 
(for strain 5029). Each flask contained 5 ml. basal medium 
of double concentration and the various tryptophan 
metabolites added as solutions in water to make the final 
volume 10 ml. Experimental conditions are as in Table i 
with optimum pH 5-6. 


Weight of dry mycelium (mg.) 





0 5 10 15 20 25 30 
Metabolite (g./10 ml.) 


Fig. 2. Growth response of NV. crassa to varying concentra- 
tions of: I and II, 3-hydroxyanthranilic acid (strains 
39401 and 5029, respectively); III and IV, nicotinic acid 
(strains 39401 and 5029, respectively). Each flask con- 
tained 5 ml. basal medium of double concentration and 
the metabolites added as solution in water to make the 
final volume 10 ml. Experimental conditions are as in 
Table 1 with optimum pH 4-6. 
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In vitro studies. The organism N. crassa, grown on a 
medium containing L-tryptophan for 72 hr., was used. The 
wet mycelium was washed thoroughly and made into a 
uniform suspension in ice-cold 0-l1m phosphate buffer 
(pH 6-8) using a Waring Blendor. A known volume of the 
suspension was added to (i) L-tryptophan, (ii) L-tryptophan 
with the ureylene compound and (iii) L-tryptophan, the 
ureylene compound and excess biotin. After 16 hr. incuba- 
tion at 37°, the reaction was stopped using trichloroacetic 
acid, and tryptophan in the solution was estimated im- 
mediately. 

Estimation of tryptophan. Tryptophan in the incubated 
solution was estimated colorimetrically using the methods of 
Horn & Jones (1945) and Eckert (1943). 


RESULTS AND DISCUSSION 


The results presented in Figs. 3 and 4 show that the 
antimetabolite of biotin only affects the utilization 
of tryptophan; the inhibition in utilization is over- 
come by biotin, as represented in Table 1. As the 
ureylene compound has not any significant in- 
fluence on the utilization of the other metabolites of 
tryptophan - nicotinic acid mechanism in the two 
strains of the fungus, it is evident that biotin has 
a role only in the conversion of tryptophan into the 
primary intermediate kynurenine. 

In their preliminary work on the tryptophan > 
kynurenine conversion, Knox, Mero, Grossman & 
Auerbach (1949) first showed that kynurenine 
formation from tryptophan in liver homogenates of 
rats is carried out only under aerobic conditions. 
Later, Knox & Mehler (1950) and Mehler & Knox 
(1950) found that tryptophan is converted by the 
supernatant liquid of a fresh liver homogenate into 
a diazotizable, aromatic amine, identified as 
formylkynurenine, with the uptake of one molecule 
of oxygen and simultaneous liberation of hydrogen 





Growth response in percentage mycelial wt. 


1 2 3 4 3 
y-(3:4-Ureylenecyclohexy!)butyric acid (mg./10 ml.) 


Fig. 3. Effect of y-(3:4-ureylenecyclohexyl)butyric acid on 
the utilization of: I, L-tryptophan; II, pi-formylkynu- 
renine by Neurospora crassa (39401). Each flask con- 
tained 5 ml. basal medium of double concentration with 
the metabolites needed for maximal growth and the 
inhibitor was added at varying concentrations as solu- 
tions in water to make the final volume 10 ml. 
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peroxide. The formylkynurenine so formed is 
broken down by asecond enzyme, called ‘formylase’ 
into kynurenine and formic acid. 

The first reaction, involving the formation of 
formylkynurenine from tryptophan, was shown by 
Knox & Mehler (1950) to consist of two steps; 
tryptophan is first converted by peroxide under the 
action of ‘peroxidase’ into an unknown inter- 
mediate A, and this is followed by a second coupled 
reaction in which A is oxidized to formylkynurenine 
by an ‘oxidase’ with the formation of hydrogen 
peroxide. The scheme of reactions can be represented 


as follows: peroxidase 


Y 


tryptophan + H,O, —— unknown product A 
| < oxidase 


formylkynurenine + H,0,. 





0 1 2 3 4 2 
y-(3:4-Ureylenecyclohexy|)butyric acid (mg./10 ml.) 


Growth response in percentage mycelial wt. 


Fig. 4. Effect of y-(3:4-ureylenecyclohexyl)butyric acid on 
the utilization of: (a) pL-kynurenine sulphate for strain 
39401; (b) I and II, pu-3-hydroxykynurenine for strains 
39401 and 5029, respectively; (c) I and II, 3-hydroxy- 
anthranilic acid for strains 39401 and 5029 respectively ; 
(d) I and II, nicotinic acid for strains 39401 and 5029 
respectively. Each flask contained 5 ml. basal medium 
of double concentration of the metabolites needed for 
maximal growth and the inhibitor was added at varying 
concentrations as solution in water to make the final 
volume 10 ml. 


Table 1. Influence of biotin on tryptophan utilization 
by Neurospora crassa (39401) 


In all experiments, 5 ml. of basal medium of double 
concentration were taken and the substances were added as 
aqueous solutions to make the final volume 10 ml. After 
sterilization and inoculation, incubated at 30° for 72 hr. 
The experiment was repeated 4 times with a duplicate each 


tame. Weight of 
mycelium 
Supplement (mg.) 
L-Tryptophan (200 yg.) 20-0 
L-Tryptophan (200 yg.) + ureylene 4-5 
compound (2 mg.) a 


L-Tryptophan (200 yg.) + ureylene 
compound (2 mg.) + biotin (3 yg.) 





E. R. B. SHANMUGA SUNDARAM AND OTHERS 


Table 2. Degradation of tryptophan by Neurospora mycelia suspension in presence of 
ureylene compound and biotin 





In all experiments, 9 mg. of L-tryptophan in 3 ml. water were treated with 4 ml. Neurospora suspension in buffer; 
1 ml. suspension contained 12 mg. dry wt. To this medium additions were made as shown in column | and incubated for 
16 hr. at 37°. The reaction was stopped by adding 1 ml. of 10% trichloroacetic acid and tryptophan was estimated 
immediately. The experiment repeated 3 times with duplicate determinations. 


Amount of tryptophan (mg.) 


Horn & Jones’s 


Supplement 
Buffer (5 ml.) 
Ureylene compound (4 mg.) 
in buffer (5 ml.) 
Ureylene compound 4 mg. + 
biotin 25 ug. in 5 ml. buffer 


Since the ureylene derivative has no influence on 
the utilization of formylkynurenine, as may be 
observed from the figures, it is clear that biotin is 
involved in one or both of the enzyme systems, 
peroxidase or oxidase, which take part in the for- 
mation of formylkynurenine. Although the identity 
of the unknown intermediate A is open to question, 
Dalgliesh, Knox & Neuberger (1951) suggested that 
peroxide adds on to tryptophan to give 2:3-dihydro- 
2:3-dihydroxytryptophan, which by dehydrogena- 
tion with simultaneous ring opening could yield 
formylkynurenine. The verification of this attrac- 
tive suggestion must necessarily await the isolation 
or the synthesis of the diol. The results obtained by 
incubating tryptophan with the mycelial suspension 
(Table 2) show that only about 6% of tryptophan is 
oxidized in presence of the ureylene compound 
compared with about 35% in the control experi- 
ment. The addition of biotin completely eliminates 
the deleterious effect of the ureylene compound. 
The fact that tryptophan is apparently unchanged, 
as shown by the chemical estimation, indicates that 
biotin may influence the peroxidase step as it does 
the oxidative deamination of various amino acids 
in N. crassa (Bender, Krebs & Horowitz, 1949; 
Burton, 1951; Siva Sankar, Tirunarayanan & 
Sarma, 1952). However, the manner in which 
biotin influences the oxidation of tryptophan can be 
determined only after investigating whether there 
is any formation of an unknown intermediate 
compound with an absorption in the ultraviolet 
different from that of tryptophan and formyl- 
kynurenine or with different physical or chemical 
characteristics. Such a study is in progress. 


SUMMARY 


1. y-(3:4-Ureylenecyclohexyl)butyric acid, an 
antimetabolite of biotin, inhibits the utilization of 
tryptophan by a nicotinic acid-requiring mutant of 
N. crassa (39401) and this inhibition is overcome by 
the addition of biotin. This indicates that biotin is 
involved in the metabolism of tryptophan. 





Decrease in 


Eckert’s tryptophan 
(1945) method (1943) method (mg.) 
6-2 6-0 2-8-3-0 
8-5 8-4 0-5-0-6 
5-4 5:8 3-2-3-6 


2. Biotin functions only in the tryptophan > 
formylkynurenine reaction and the utilization of 
formylkynurenine is not affected by biotin de- 
ficiency. 

3. The ureylene derivative does not affect the 
utilization of other intermediates in the conversion 
of tryptophan into nicotinic acid such as formyl- 
kynurenine, kynurenine, 3-hydroxykynurenine, 
3-hydroxyanthranilic acid and nicotinic acid. 

4. In vitro studies with suspensions of Newro- 
spora mycelia show an accumulation of tryptophan 
during biotin deficiency, and it is suggested that 
biotin may be involved in the formation of an 
unknown intermediate between tryptophan and 
formylkynurenine. 


The authors wish to express their grateful thanks to 
Dr W. E. Knox for the generous gift of pL-formylkynurenine, 
Dr C. P. Berg for pt-kynurenine sulphate, Dr C. E. Dalgliesh 
and Dr B. S. Schweigert for 3-hydroxyanthranilic acid, 
Professor A. Butenandt for 3-hydroxykynurenine and 
Dr R. O. Roblin (jun.) for the y-(3:4-ureylenecyclohexy])- 
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Biochemistry of Fluoroacetate Poisoning: the Effect of Fluorocitrate 
on Purified Aconitase 


By J. F. MORRISON* anp R. A. PETERS 
Department of Biochemistry, University of Oxford 


(Received 20 April 1954) 


The toxic effect of fluoroacetate has been proved to 
be due to the enzymic synthesis of fluorocitrate 
(Peters, 1952; Peters, Wakelin, Buffa & Thomas, 
1953). The hypothesis was advanced that fluoro- 
citrate leads to the accumulation of citrate in 
animal tissues as a result of the inhibition of 
aconitase (Lotspeich, Peters & Wilson, 1952). 
Peters & Wilson (1952), working with impure 
fluorocitrate and crude aconitase preparations, 
produced tentative evidence that the inhibition was 
competitive. In order to establish this point the 
experiments of Peters & Wilson (1952) were repeated 
and extended using the highly purified, stable 
aconitase preparation of Morrison (1954). A com- 
parison was also made of the effects of the enzymic- 
ally prepared and synthetic fluorocitrate upon the 
enzyme. 

The conclusion that the inhibition of aconitase by 
enzymically prepared fluorocitrate is competitive 
has been confirmed; at the same time interesting 
differences in the action of the two fluorocitrate 
preparations on aconitase have appeared. For a 
preliminary communication, see Morrison & Peters 
(1954). 


EXPERIMENTAL 


Preparation and activation of aconitase. Aconitase was 
prepared and activated in the presence of 5 x 10-4m-Fe?+ 
and 10-*m cysteine as described by Morrison (1954). The 


* Australian National University Scholar. Present 
address: Department of Biochemistry, Australian National 
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enzyme solutions contained between 30 and 50 yg. of the 
final aconitase preparation/ml. 

Formation of cis-aconitate. Aconitase activity was 
determined by following the formation of cis-aconitate 
from isocitrate at 240 my. by the method of Racker (1950). 
It was found that when aconitase, activated with Fe?+ and 
cysteine, was added to both citrate and isocitrate there was 
a rapid initial increase in the extinction coefficient. With 
isocitrate as substrate, this rapid increase continued over 
a period of about 1 min., after which the reaction rate 
became linear. With citrate as substrate, the reaction rate 
became linear after about 2 min. This rapid increase in the 
extinction coefficient was a non-enzymic reaction, for when 
Fe*+ and cysteine were added to citrate or isocitrate in the 
same concentrations in which they were present in the 
enzyme solution, identical rapid increases in the extinction 
coefficient were obtained. At the point where the reaction 
rate in the presence of the enzyme became linear, the non- 
enzymic reaction ceased. In view of this finding, it was 
important to distinguish the non-enzymic from the enzymic 
reaction rate. Only the enzymic reaction rates have been 
plotted in the graphs. 

Reagents. Fluorocitrate synthesized enzymically will be 
referred to as ‘natural’ fluorocitrate. Samples were pre- 
pared by the method of Peters, Wakelin, Buffa & Thomas 
(1953). Specimens of synthetic fluorocitrate (Rivett, 1953) 
were given by Dr D. E. A. Rivett. Both preparations had 
been standardized on kidney particles by the method of 
Buffa, Peters & Wakelin (1951). 

Trichloromethyl paraconic acid was prepared by the 
method of Fittig & Miller (1889) and converted into DL- 
isocitric lactone by the method of Krebs & Eggleston 
(1944). Sodium isocitrate was formed by hydrolysis of the 
lactone with NaOH as described by Krebs & Eggleston 
(1944). 1-Cysteine hydrochloride was obtained from 
Roche Products Ltd. All other reagents were A.R. 
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RESULTS 


Stabilization of aconitase during pre-incubation 
in the presence of phosphate 


The rapid inactivation of aconitase by phosphate 
buffer in the absence of substrate has previously 
been reported by Morrison (1954). As it was desired 
to repeat some of the experiments of Peters & 
Wilson (1952), in which aconitase had been pre- 
incubated with fluorocitrate for 15 min. in the 
presence of phosphate, it was necessary to find a 
means of preventing or reducing the inactivation of 
the enzyme during a pre-invubation period. It was 
found that the addition of a crude heart-muscle 
extract, in which the aconitase activity had been 
destroyed by the addition of hydrochloric acid to 
pH 4, prevented the phosphate inactivation of the 
enzyme. However, this method had the disadvant- 
age of introducing unknown components into the 
system. Aconitase could also be stabilized to an 
appreciable extent by the addition of small amounts 
of isocitrate during the pre-incubation of the en- 
zyme in the presence of phosphate. Fig. 1 shows the 
marked loss of enzyme activity that occurs during 
15min. pre-incubation with 0-05mM phosphate 
buffer, pH. 7-7, and that small increasing amounts of 
isocitrate reduce the loss of activity. In the presence 
of 0-5 umole of isocitrate/3 ml., about 70% of the 


enzyme activity remained as compared with the 
activity of the non-incubated enzyme. This con- 
centration of isocitrate was chosen for stabilizing 
aconitase when pre-incubation of the enzyme in the 
presence of phosphate buffer was carried out. 


Studies with natural fluorocitrate 


Several experiments were made with varying 
quantities of fluorocitrate. Fig. 2 illustrates the 
results of an experiment in which natural fluoro- 
citrate (1-6x10-4m) was pre-incubated with 
aconitase in the presence of phosphate buffer and 
0-5 umole of isocitrate; at the end of the incubation 
period, varying quantities of isocitrate were added 
at intervals and the rate of cis-aconitate formation 
determined. 

Test for the presence of an irreversible inhibitor. The 
greater toxicity of natural fluorocitrate to the 
kidney-particle aconitase than to the isolated 
aconitase (Peters, 1952; Peters & Wilson, 1952) 
suggested the possibility that the fluorocitrate 
isolated from the kidney particles may not be the 
substance which is markedly toxic, but that it is 
converted into this substance when incubated with 
the kidney particles. Moreover, whereas the in- 
hibition of the isolated aconitase by natural 
fluorocitrate is readily reversed, it is not yet known 
whether the inhibition in vivo is reversible; the 
attempts to reverse the in vivo inhibition have been 
unsuccessful (Hastings, Peters & Wakelin, 1953). 
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Fig. 1. The stabilization of aconitase by isocitrate during 
incubation in the presence of phosphate. The final aconi- 
tase preparation (5yg.), activated by Fe*+ and cysteine, 
was incubated with 0-05m phosphate buffer, pH 7-7, for 
15 min. in the presence of various amounts of isocitrate. 
Following the incubation period, 16 wmoles of isocitrate 
were added and the reaction rates determined as de- 
scribed in the text. Total volume 3-0 ml., temp. 22°. 
Curve 1, no pre-incubation; 2, pre-incubation with 0-5 
and 1-Oyumole of isocitrate; 3, pre-incubation with 
0-25 pmole of isocitrate; 4, pre-incubation with 0-1 zmole 
of isocitrate; 5, pre-incubation without isocitrate. 


Log Io/1X10? at 240 my. cis- Aconitate formation 


Time (min.) 


Fig. 2. Inhibition of aconitase by natural fluorocitrate and 
reversal of the inhibition by increasing concentrations of 
isocitrate. The reaction rates were determined in the 
presence of 0-05 phosphate buffer, pH 7-7, as described 
in the text, using 5 ug. of the final aconitase preparation 
activated by Fe?* and cysteine. Before the first addition 
of substrate the enzyme was incubated in the presence of 
0-5 umole of isocitrate+fluorocitrate for 15 min. Total 
volume 3-0 ml., temp. 22°. ©, control; x, fluorocitrate 
(1-6 x 10-4m). Arrows indicate the time at which sub- 
strate was added. Figures in brackets show the degree of 
inhibition. 
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In order to determine whether or not natural 
fluorocitrate was converted into an irreversible 
inhibitor, it was incubated with the kidney particles 
under the usual test conditions described by Buffa 
et al. (1951). After acid-inactivation of the aconi- 
tase, the supernatant was tested for the presence of 
an irreversible inhibitor in the system, cis-aconitate 
+ citrate. This system was used on account of the 
high absorption of the extract at 240 my. which did 
not permit of the study of the reaction, isocitrate > 
cis-aconitate. No evidence was found for the 
presence of an irreversible inhibitor. This appears to 
exclude the possibility that fluorocitrate is con- 
verted into some other ‘active’ compound, but it 
must be pointed out that the technical difficulties 
were great because of the relatively large amounts of 
citrate which were present in the extract containing 
fluorocitrate. Citrate had to be added during the 
incubation so that the kidney particles did not 
become inactivated. After the addition of 20 pmoles 
of isocitrate, the plot of the reaction rate of the 
sample containing the inhibitor became parallel 
with the plot of the control rate, thereby showing 
complete reversal of the inhibition and proving the 
competitive nature of the inhibitor. Fig. 3 shows 
that when the initial reaction rates in the presence 
and absence of fluorocitrate are plotted according to 
the method of Lineweaver & Burk (1934), a graph 
characteristic of competitive inhibition is obtained. 
From this graph, the dissociation constant of the 
aconitase—fluorocitrate complex was calculated to 
be 8-7 x 10-5. 


30 
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Fig. 3. Competitive inhibition of aconitase by natural 
fluorocitrate. The graph is plotted according to the method 
of Lineweaver & Burk (1934). The reaction rates were 
determined as described in the text, under the same con- 
ditions as those of Fig. 2. Total volume 3-0 ml., temp. 22°. 
S, molar concentration of isocitrate x 1500; v=change 
of log I,/I/15 sec. x10. ©, control; @, fluorocitrate 
(3-2 x 10-5). 
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Studies with synthetic fluorocitrate 


Synthetic fluorocitrate proved to be not only 
more toxic to the isolated aconitase than the natural 
fluorocitrate, but it also exhibited both a reversible 
and an irreversible type of inhibition. 

Inhibition of aconitase by fluorocitrate with pre- 
incubation. Fig. 4 shows that when aconitase is 
pre-incubated with fluorocitrate (2-4 10->m) in 
the presence of phosphate buffer and a small amount 
of isocitrate, marked inhibitions are obtained after 
the reaction is started by the addition of larger 
amounts of zsocitrate. The inhibition is nearly 90 % 
when the reaction is started with 2 zmoles of iso- 
citrate and about 80% when 16 umoles isocitrate 
are used. These results appeared to indicate that the 
inhibition was largely irreversible as it was nearly 
independent of the substrate concentration. 

Because of the small amount of enzyme used in 
these tests (3-5 ug. protein/3 ml.), the molar ratio 
of fluorocitrate to enzyme must have been high. 
Therefore, it was possible that the fluorocitrate 
could be acting as a non-specific denaturing agent. 
As a check on this point, the above experiments 
were repeated in the presence of crystalline bovine 
serum albumin at a concentration 1000 times that 
of the enzyme. As the results were not altered by 
the presence of a large excess of inactive protein, 
the possibility that the inhibition was non-specific 
was rendered much less likely. 
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Fig. 4. Inhibition of aconitase by synthetic fluorocitrate. 
The final aconitase preparation (5yg.), activated by 
Fe?+ and cysteine, was incubated with fluorocitrate 
(2-4 x 10-5m) for 15 min. in the presence of 0-05m phos- 
phate buffer, pH 7-7, and 0-5umole of isocitrate. Sub- 
strate was then added and the reaction rates were deter- 
mined as described in the text. Total volume 3-0 ml., 
temp. 22°. x, reaction rate in the presence of 16 wmoles of 
isocitrate alone (curve 1); with fluorocitrate (curve 3); 
@, reaction rate in the presence of 2 umoles of isocitrate 
alone (curve 2) and with fluorocitrate (curve 4). 
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Inhibition of aconitase by fluorocitrate without pre- 
incubation. It was found that the inhibition was 
dependent on the substrate concentration when the 
enzyme was not pre-incubated with fluorocitrate. 
Table 1 shows a comparison of the inhibitions ob- 
tained with and without pre-incubation. It can be 
seen that pre-incubation makes little difference to 
the inhibition when 2pmoles of isocitrate are 
added, but when 16 pmoles of tsocitrate are added, 
there is an appreciable difference. These findings are 
not consistent with the idea that synthetic fluoro- 
citrate is simply an irreversible inhibitor of aconi- 
tase. 

A more detailed investigation was made of the 
effect of the substrate concentration on the inhibi- 
tion of aconitase by fluorocitrate without pre- 


Table 1. The effect of pre-incubation of aconitase 
with synthetic fluorocitrate on the inhibition of the 
reaction, isocitrate — cis-aconitate 


The final aconitase preparation (5yg.), activated with 
Fe?+ and cysteine, was pre-incubated with 2-4 x10-°m 
fluorocitrate for 15 min. in the presence of 0-05m phosphate 
buffer, pH 7-7, and 0-5 moles of isocitrate. The indicated 
amounts of isocitrate were then added and the initial 
reaction rates determined as described in the text. When 
pre-incubation was not carried out, 3yug. of the final 
activated enzyme preparation were added directly to 
media containing buffer and substrate. Total volume 
3-0 ml., temp. 22°. 

Rate (Ae/min. x 10%) 


Fluoro- 
citrate 
present 


Substrate 
concentration 
(umoles/3 ml.) 


Inhibition 
(%) 


Control 


Pre-incubation 
2 


65 
66 
53 
58 


8 
8 


15 
15 


23 
24 
32 
36 


16 


No pre-incubation 
2 


“ 


50 
56 
16 
12 


10 
ll 


27 


30 


20 
25 
32 
34 


16 
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incubation. Fig. 5 shows that when the reciprocals 
of the initial reaction velocities in the presence and 
absence of fluorocitrate are plotted against the 
reciprocals of the isocitrate concentration according 
to the method of Lineweaver & Burk (1934), a 
graph characteristic of competitive inhibition is 
obtained. Similar results were obtained with citrate 
as substrate. From these results, it must be con- 
cluded that there is at least initial competition 
between the aconitase substrates and fluorocitrate 
for the active centre(s) of aconitase. It was noted 
that after a time the reaction rates in the presence of 
fluorocitrate decreased. This could not be explained 
as being due to the further conversion of cis-aconitate 
into citrate because the control rates, which were 
faster, were linear at this time. The rates used in the 
Lineweaver-—Burk plot were those obtained before 
the change. 

It was calculated that the dissociation constant of 
the aconitase—fluorocitrate complex was 8-4 x 10-*m 
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Fig. 5. Competitive inhibition of aconitase by synthetic 
fluorocitrate. The graph is plotted according to the 
method of Lineweaver & Burk (1934). The reaction rates 
were determined as described in the text, under the same 
conditions as those of Fig. 2. Total volume 3-0 ml., 
temp. 22°. S, molar concentration of isocitrate x 10*; 
v, change of log J,/I/min. x10. @, control; x, fluoro- 
citrate (2-4 x 10-5). 


0 


Table 2. The effect of pre-incubation time of aconitase with synthetic fluorocitrate 
on the inhibition of the reaction, isocitrate > cis-aconitate 


Conditions of the pre-incubation were the same as those of Table 1. Following the pre-incubation period, 2 wmoles of 
isocitrate were added and the reaction rate was determined for 2 min. as described in the text. isoCitrate (16 »zmoles) was 
then added and the second reaction rate determined. Total volume 3-0 ml., temp. 22°. 


Rate (Ae/min. x 10%) 


ee la ere 


2 pmoles 
A 
Fluorocitrate 
present 

22 

17 

12 
8 


Pre-incubation 
time 
(min.) 

0 
10 
20 
30 


cr 


Control 
50 
42 
31 
24 


Inhibition 
(%) 


56 
59 
61 
67 


16 pmoles 
A 





a 
Inhibition 
(%) 

32 
35 
33 
23 


Fluorocitrate 
present 


od 
37 
28 
23 
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with isocitrate and 12 x 10-*m with citrate as sub- 
strates. This difference could be accounted for by 
experimental error. It was also estimated that for 
50 % inhibition the ratio of zsocitrate to fluorocitrate 
was approximately 40:1, whereas the ratio of citrate 
to fluorocitrate was of the order of 400:1. Thus the 
inhibition in the presence of a fixed amount of 
citrate is greater than in the presence of the same 
amount of isocitrate. It also follows that the 
inhibition should be more readily reversed by iso- 
citrate than by citrate. 

Factors affecting the degree of inhibition and the 
reversal of the inhibition. Table 2 shows that the time 
of pre-incubation of the enzyme with fluorocitrate 
does not significantly affect the degree of inhibition 
when the reaction is started with 2 umoles of 7so- 
citrate. Moreover, the reversal of the inhibition 
which takes place after the addition of 16 zmoles of 
isocitrate is independent of the pre-incubation time. 
It should be noted that the extent of the reversal of 
the inhibition in this experiment was appreciably 
greater than would have been expected from the 
data of Table 1 and Fig. 4. The results of Fig. 6 
confirm the marked inhibition of aconitase by 
fluorocitrate that is obtained in the presence of 
2umoles of isocitrate. They also show that on the 
addition of 15 umoles of isocitrate, the inhibition is 
reversed, but not to the extent that the reaction rate 
is the same as that obtained on adding 15 pmoles of 
isocitrate at the start. 

The above results suggest that during a pre- 
incubation period or during the reaction with a low 
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cis-Aconitate formed (log lo/1x10? at 240 my.) 


Fig. 6. Increased inhibition of aconitase by synthetic 
fluorocitrate as a result of starting the reaction with 
a low concentration of isocitrate. Conditions were as 
described in Fig. 2. The concentration of fluorocitrate was 
2-4x10-5m. With 15 moles of isocitrate added at the 
start of the reaction; O, control; @, fluorocitrate. With 
2umoles of isocitrate added at the start of the reaction, 
followed by 15umoles of isocitrate; A, control; x, 
fluorocitrate. Arrows indicate the time at which the sub- 
strate was added. Figures in brackets show the degree of 
inhibition. 
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substrate concentration, a secondary reaction 
occurs between the enzyme and fluorocitrate so that 
the reversal of the inhibition is rendered more 
difficult. 

As seen in Fig. 6 and Table 2, the inhibition of 
aconitase by fluorocitrate could be reversed to some 
extent on the addition of higher concentrations of 
substrate. It was of interest to determine whether 
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Fig. 7. Inhibition of aconitase by synthetic fluorocitrate 
and part-reversal of the inhibition by increasing concen- 
trations of isocitrate. Conditions were the same as those 
of Fig. 2. ©, control; @, fluorocitrate (2-4 x 10-*m). 
Arrows indicate the time at which substrate was added. 
Figures in brackets show the degree of inhibition. 
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Fig. 8. Inhibition of aconitase by synthetic fluorocitrate 
and reversal of the inhibition by increasing concentrations 
of isocitrate. Conditions were the same as those of Fig. 2. 
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indicate the time at which substrate was added. Figures 
in brackets show the degree of inhibition. 
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or not the inhibition could be completely reversed. 
Fig. 7 shows that a further increase in the ésocitrate 
concentration reduces the inhibition still further, 
but at this level of the inhibitor it was not practical 
to add larger amounts of substrate. It can be seen 
that the final reaction rate in the control tube 
decreased because of the dilution of the solution. 
When the concentration of fluorocitrate was 
reduced to one-quarter the concentration, that is 
to 0-6 x 10-5M, the inhibition could be completely 
reversed as shown in Fig. 8. The initial inhibition in 
this case was small, being only 20% as compared 
with 60 % with 2-4 x 10-5 fluorocitrate. 

Inhibition of isocitric dehydrogenase. It was 
found that there was no significant inhibition of 
esocitric dehydrogenase by synthetic fluorocitrate 
(2-4 x 10-°o) following pre-incubation of the enzyme 
with the inhibitor for 15 min. 


DISCUSSION 


It appears to be settled that the effect of fluoro- 
citrate in causing the accumulation of citrate in 
animal tissues is due to its inhibitory effect on 
aconitase. It is also clear that the inhibitory action 
of the synthetic fluorocitrate is not only greater, but 
also differs in some respects from that obtained with 
the natural fluorocitrate. However, it must be 


pointed out that the relatively small amount of 
natural fluorocitrate which was available did not 
permit of extensive investigations at the higher 
levels of inhibition. A discussion of the possible 
reasons for this difference in toxicity will be deferred 
until the mode of action of each compound is dis- 
cussed separately. 


Natural fluorocitrate 


There was no evidence of complicating factors in 
the inhibition of aconitase by natural fluorocitrate. 
The inhibition is competitive and can be readily 
reversed by higher concentrations of substrate. 
One outstanding fact with this compound which is 
confirmed here, is its greater toxicity in vivo and in 
the kidney-particle test system of Buffa et al. (1951) 
as compared with its toxicity in the isolated aconi- 
tase system (Peters, 1952; Peters & Wilson, 1952). 
The only explanation for this at present advanced is 
the suggestion of Peters (1952) that the inhibitor is 
concentrated within the kidney particles or the 
mitochondria of cells so that the molar ratio of the 
inhibitor to enzyme is very much higher than that 
obtained with the soluble enzyme with the amounts 
of fluorocitrate used. 


Synthetic fluorocitrate 


It is clear from the Lineweaver—Burk plot (Fig. 5) 
that synthetic fluorocitrate can act as a competitive 
inhibitor of aconitase, at least during the initial 
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stages of the reaction. However, if the fluorocitrate 
were simply a competitive inhibitor of aconitase, 
pre-incubation of the enzyme and inhibitor should 
not increase the degree of inhibition. This, together 
with the fact that the reaction rates in the presence 
of the inhibitor fall after a time, even though the 
control rates are still linear, suggest that a slow 
irreversible type of inhibition is also taking place. 
If the reaction rates could have been. studied for 
longer periods, it is likely that this change of rate 
would have been emphasized. However, the 
reaction isocitrate — cis-aconitate could not be 
studied for long periods on account of the further 
conversion of cis-aconitate into citrate, which com- 
plicates the measurement of cis-aconitate produc- 
tion. The latter results also seem to indicate that the 
time at which the irreversible type of inhibition 
manifests itself is a function of the substrate con- 
centration. It appears as though the addition of 
substrate at low concentrations is equivalent to pre- 
incubation; prolonged pre-incubation of enzyme 
and inhibitor followed by the addition of substrate 
in low concentration is no more effective in in- 
creasing the degree of inhibition than the addition 
of a low substrate concentration alone. But pre- 
incubation does increase the inhibition when higher 
substrate concentrations are used. 

It would seem as though the results can best 
be explained according to a combination of the 
following equations along usual lines: 


E+S= ES + E+P, (1) 
E+I=EI >ErI’, (2) 


where H=enzyme, S=substrate, J=inhibitor, 
ES =enzyme-substrate complex, P =reaction pro- 
ducts, HI =enzyme-inhibitor complex, and EI’= 
secondary complex formed between the enzyme and 
inhibitor. First, there is competitive inhibition 
between the inhibitor and substrate for the active 
centre(s) of the enzyme; this equilibrium is set up 
rapidly. This is followed by a slower reaction on the 
enzyme surface such that the inhibitor acts either 
in an irreversible fashion, or in a way that makes 
displacement of it from the enzyme surface more 
difficult. It is this latter reaction that would occur 
during the period of pre-incubation of the enzyme 
with the inhibitor, or during the course of the 
reaction. 

The failure to reverse completely the inhibition of 
aconitase by higher concentrations of fluorocitrate 
and the fact that the inhibition with lower concen- 
trations of fluorocitrate can be completely reversed 
cannot be quoted as evidence either for or against 
the above scheme. The failure to reverse the inhibi- 
tion completely with higher concentrations of 
fluorocitrate may have-been due only to the 
technical limitations of increasing the substrate 
concentration to a sufficiently high level. On the 
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other hand, the small degree of inhibition obtained 
with the lower concentrations of fluorocitrate may 
not have permitted the detection of a small amount 
of an irreversible type of inhibition. 


Comparison of the action of natural and 
synthetic fluorocitrate 


Since the infrared data appear to exclude the 
presence of an appreciable amount of another 
compound in the synthetic substance, the differ- 
ences in the action of the two fluorocitrate prepara- 
tions on the isolated aconitase must be attributed 
to the presence of different stereoisomers in each 


| preparation; from the mode of synthesis four 
| stereoisomers should be present. 


On the other 
hand, it is unlikely that more than two stereoisomers 
would be formed enzymically. 

Peters, Wakelin, Rivett & Thomas (1953) found 
that there was a difference in the ability of natural 
and synthetic fluorocitrate to inhibit the disappear- 
ance of citrate in kidney particles; in this instance, 
however, the reverse occurred, the synthetic 
fluorocitrate being only half as active as the natural 
fluorocitrate. Admittedly, the results with the 
kidney particles are not exact, but on the basis that 
the four stereoisomers were present in equal 
amounts, these authors concluded that only one 
optically active centre was concerned in the inhibi- 
tion. In the experiments with the isolated aconi- 
tase, the synthetic is far more active than the 
natural. It would seem as though the isomers 
present in the synthetic material, but not present 
in the natural fluorocitrate, are responsible for the 
different effects. 

Possible explanations for the difference in the 
toxicity of synthetic fluorocitrate in the kidney- 
particle test system as found by Peters, Wakelin, 
Rivett & Thomas (1953) and in the isolated aconi- 
tase system are difficult. It might be argued that 
the ‘unnatural’ stereoisomers do not penetrate the 
mitochondria or particles, but it is difficult to see 
why they should not do so. It might also be sug- 
gested that, consistent with the recent photographs 
of the organization within mitochondria (Palade, 
1953; Claude, 1954), the ‘unnatural’ stereoisomers 
cannot get at the aconitase owing to structural 
orientation. On the other hand, if all four stereo- 
isomers are free to react with the aconitase but no 
reaction takes place, it must be postulated that there 
is some structural difference between the enzyme 
within the kidney particles and in the isolated state. 
Perhaps with the isolated enzyme, the ‘unnatural’ 
stereoisomers of synthetic fluorocitrate react with 
groups on the enzyme surface which are not exposed 
when the enzyme is fixed and surrounded by other 
enzyme molecules in the kidney particles. If this 
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means that the enzyme behaves differently in the 
organized and unorganized condition, it raises a 
matter needing weighty consideration. More con- 
clusive results must await the separation of the 
stereoisomers of synthetic fluorocitrate and the 
determination of which stereoisomer(s) is (or are) 
formed enzymically. 


SUMMARY 


1. The competitive inhibition of aconitase by 
natural fluorocitrate has been established. 

2. On the other hand, synthetic fluorocitrate has 
been shown to inhibit aconitase in both a com- 
petitive and an apparent irreversible fashion. 

3. The dissociation constants of the aconitase— 
fluorocitrate complexes for both the natural and 
synthetic fluorocitrates have been measured. The 
affinity of aconitase for the synthetic compound is 
much greater than for the natural compound. 

4. The possible reasons have been discussed for 
the difference between the two preparations of 
fluorocitrate in inhibiting the isolated aconitase 
and also for the difference between the action of 
these compounds on the isolated aconitase system 
as compared to their action in vivo and on the 
kidney-particle system. 


Thanks are due to Dr D. E. A. Rivett for the specimen of 
synthetic fluorocitrate used; to Mr R. W. Wakelin for the 
synthesis of DL-isocitric lactone, and to Mr R. W. Wakelin 
and Miss S. Read for technical assistance. 
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A variety of micro-organisms are capable of con- 
verting citrulline into ammonia, ornithine and 
carbon dioxide. This reaction has been found in 
Streptococcus faecalis (Akamatsu & Sekine, 1951; 
Knivett, 1952a; Oginsky & Gehrig, 1953; Slade, 
1953), in Strep. lactis (Korzenovsky & Werkman, 
1953) and in Clostridium perfringens (Schmidt, 
Logan & Tytell, 1952). The breakdown of citrulline 
by cell-free extracts of Strep. faecalis is accompanied 
by the phosphorylation of adenosine diphosphate 
(ADP) to adenosine triphosphate (ATP) (Knivett, 
1953, 1954a, b; Slade, 1954). If arsenate is present, 
citrulline breakdown by cell-free extracts occurs 
without the addition of phosphate and ADP. 
Preliminary investigations in Cambridge (Knivett, 
1952b) showed that citrulline breakdown also 
occurred if arsenate or ADP were replaced by a 
washed suspension of Escherichia coli containing 
ornithine decarboxylase (Gale, 1946). The present 
paper is a more detailed study of this effect. The 
breakdown of citrulline by an extract of Strep. 
faecalis with arsenate or phosphate and ADP is 
inhibited by L-ornithine. The inhibition by orni- 
thine can be overcome by the addition of ornithine 
decarboxylase. That the breakdown of citrulline is 
reversible is demonstrated by the formation of 
citrulline from ornithine, ammonia and carbon 
dioxide in the presence of ATP. 


METHODS 


The organism, growth medium and preparation of sus- 
pensions were as previously described (Knivett, 1954). 
Estimation of ornithine. A strain of Esch. coli (National 
Collection of Industrial Bacteria no. 8571) was used as a 
source of ornithine decarboxylase. The organism was 
cultured on agar slopes containing 1-0% (w/v) ‘Oxoid’ 
Tryptone (a commercial casein digest marketed by Oxo Ltd., 
London) and 1-0% (w/v) glucose. Cells for experimental 
purposes were cultured on this medium for 18 hr. at 30°. 
The ornithine decarboxylase activity of Esch. coli was con- 
siderably increased when the growth medium was supple- 
mented with ornithine, but ornithine was too expensive for 
use in growth media. The arginine-rich medium used for the 
growth of Strep. faecalis provided a readily available source 
of ornithine, since during the growth of Strep. faecalis 
arginine is converted into ornithine, and after removal of the 
cells, this spent medium contains about 1% ornithine. 





Growth medium A was used to prepare cells with an active 
ornithine decarboxylase. This medium contained 1-0% 
(w/v) ‘Oxoid’ Tryptone, 20% (w/v) glucose (sterilized 
separately) and 10% (v/v) of ornithine-containing spent 
medium. The medium was adjusted to pH 6-5 before auto- 
claving, and incubated for 18-24hr. at 30°. Growth 
medium B was similar to medium A but contained no added 
ornithine, and was adjusted to pH 8-5 before autoclaving, 
Growth medium C contained 0-5% (w/v) NH,Cl; 01% 
(w/v) NH,NO, ; 0-1 % (w/v) KH,PO, ; 0-3 % (w/v) K,HPO,; 
0-15% (w/v) L-asparagine; 0-001% (w/v) FeSO,, 7H,0; 
0-:05% (w/v) MgSO,, 7H,O; 0-01% (w/v) MnSO,, 4H,0; 
2-0 % (w/v) glucose and 1-5 % (w/v) agar, adjusted to pH 7-0 
before autoclaving. 

Preparation of cell-free extracts. A Mickle Sonic Disinte- 
grator (Mickle, 1948) was used to prepare the Strep. faecalis 
extract (Table 1), and the Esch. coli extract (Table 2) as 
previously described (Knivett, 1954a). A Hughes (1951) 
press was used for the preparation of the other extracts 
(Knivett, 19546). Most of the extracts were dialysed at 4° 
for 18-24 hr. against distilled water. The protein content of 
the extracts was measured by the method of Kalckar (1947). 
Dry weights of suspensions and extracts were checked by 
drying a known volume at 105° to constant weight. 

Measurement of citrulline breakdown. The evolution of CO, 
during citrulline breakdown was followed in Warburg 


nitrogen. The results reported are representative of a number 
of experiments. The estimation of citrulline was as pre- 





viously described (Knivett, 19546), except that an equal 


number of standards and estimations were used. 

Reagents. The barium salt of ATP was prepared from 
rabbit muscle by the method of Needham (1942), and then 
converted into the barium salt of ADP (Bailey, 1942). The 
sodium salt of ADP was prepared as required (Knivett, 
1954a), and the solution (0-025m) stored at -14°. The 
barium salt of ATP was prepared from rabbit muscle 
according to the directions of LePage (1949). Pyridoxal 
phosphate (Roche Products Ltd.) solution (50-100 yg./ml.) 
was freshly prepared. 


RESULTS 


The effect of ornithine decarboxylase 


An attempt was made to follow the formation of 
ornithine from citrulline by measuring the carbon 
dioxide produced (a) by a cell-free extract of Strep. 
faecalis with added ADP, and (6) by the same 
mixture with the addition of sufficient ornithine 
decarboxylase (a washed suspension of Esch. colt) to 
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ensure that ornithine was decarboxylated rapidly 
and did not accumulate. Citrulline was not attacked 
either by washed cells of Esch. coli or by a cell-free 
extract of Strep. faecalis in the absence of adenosine 
polyphosphates. However, when citrulline was 
added to a mixture of washed cells of Esch. coli 
and Strep. faecalis extract without the addition 
of adenosine polyphosphates, 2 moles of carbon 
dioxide were released/mole of citrulline added, i.e. 
double the amount released with ADP. A strain of 
Esch. coli (National Collection of Type Cultures 
no. 7020) with no ornithine decarboxylase showed 
only feeble activity (Knivett, 19525). 


The effect of phosphate 


When phosphate buffer was replaced by sodium 
phthalate buffer, the production of carbon dioxide 
was very slow (45 yl./hr.), but upon the addition of 
0-033 m sodium phosphate buffer, the rate of carbon 
dioxide was increased (330yl./hr.). Potassium 
acetate and methylglyoxaline buffers behaved in the 
same manner as sodium phthalate buffer, indicating 
that the effect observed with phthalate was not 
due to an inhibition by the latter. The rate of 
production of carbon dioxide was followed in the 
presence of varying quantities of added phosphate 
(Table 1). After a small initial release of gas upon 
the addition of the Esch. coli cells from the side 
compartment, carbon dioxide was liberated at a 
rate which remained constant for more than an hour. 
Table 1 shows that phosphate was essential for 
carbon dioxide formation, and that at low concen- 
trations the rate of release of gas was proportional 
to the concentration of phosphate. 


The effect of an extract of Escherichia coli 


Esch. coli, deficient in ornithine decarboxylase 
(Gale, 1946), was prepared by growing the cells 
either in a chemically defined medium (medium C) 
or in a medium containing no added ornithine and 
the pH of which was 8-5 (medium B). The produc- 
tion of carbon dioxide from citrulline in the presence 
of an extract of Strep. faecalis and phosphate buffer 
was related to, but not directly proportional to, 
the ornithine decarboxylase activity of the cells 
(Table 2). A cell-free extract of these cells was 
prepared by shaking the cells with glass beads in 
a Mickle Sonic Disintegrator (Mickle, 1948) and 
then removing the cell debris by centrifuging. 
Pyridoxal phosphate was added to stimulate orni- 
thine decarboxylase activity (Gale, 1946). There 
was a significant liberation of carbon dioxide from 
citrulline even by an extract containing no ornithine 
decarboxylase if an extract of Strep. faecalis and 
phosphate buffer were present. 
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Table 1. The effect of phosphate upon the rate of 
release of carbon dioxide from u-citrulline by a cell- 
free extract of Streptococcus faecalis and a washed 
suspension of Escherichia coli 


Main compartment contents: 1-0 ml. 0-06M L-citrulline 
in 2m sodium phthalate buffer, pH 5-6; 1-0 ml. cell-free 
extract of Strep. faecalis (10-1 mg. dry wt. of a Mickle 
preparation/ml.), and 0-5ml. Na,HPO, (648mm) or 
water. Side compartment contents: 1-0 ml. washed sus- 
pension of Esch. coli (21 mg. dry wt. of cells/ml.). Gas 
phase air; temp. 37°. 


Phosphate Rate of 
concentration CO, release 
(mm) (umoles/hr.) 
0 1-80 
1-7 3°45 
3-4 5-55 
6-8 7:80 


Table 2. The effect of ornithine decarboxylase wpon 
citrulline breakdown in the presence of a cell-free 
extract of Streptococcus faecalis 


Main compartment contents: 0-1 ml. cell-free extract of 
Strep. faecalis (7-8 mg. protein/ml.), 0-2 ml. 2m sodium 
phosphate buffer, pH 5-8; 0-05 ml. 0-12m-MgCl,. 

Expt. 1. 0-5 ml. washed suspension of Esch. coli (7- 
15 mg. dry wt. of cells/ml.) grown in media leading to 
different ornithine decarboxylase activities (see below), and 
water to 1-1 ml. Side bulb contents: 0-1 ml. 2m sodium 
phosphate buffer, pH 5-8, and 0-3 ml. 0-025 m L-ornithine 
dihydrochloride or 0-025 t-citrulline or water. 

Expts. 2 and 3: 0-5 ml. cell-free extract (Mickle prepara- 
tion) of Esch. coli prepared from cells A and C, 0-1 ml. 
pyridoxal phosphate (approx. 50yg./ml.), and water to 
1-1 ml. Side bulb contents: 0-1 ml. 2m sodium phosphate 
buffer, pH 5-8, and 0-3 ml. 0-3m L-citrulline or 0-025M 
L-ornithine dihydrochloride or water. 

Expt. 3: extracts A and C were stored at —14° for 
2 weeks, and only 0-06 ml. Strep. faecalis extract was used 
per cup. Gas phase nitrogen; temp. 37°; period of incuba- 
tion 1 hr. Growth media for Esch. coli: cells A—nutrient 
broth with added ornithine. Cells B-nutrient broth with- 
out added ornithine. Cells C-agar plates containing a 
chemically defined medium. For full details see text. 


CO, released 
(ul./hr./mg. dry wt. 
Esch. coli cells or extract) 
Esch. coli NK 





Expt. > 
no. preparation Control  Citrulline Ornithine 
1 Cells A 4-0 19-5 246-0* 

Cells B 1-5 10-0 18-0* 
Cells C 2-5 3-0 3-0* 
2 Extract A 3-5 35-0 44-0 
Extract C 0-5 9-0 1-0 
3 Extract A 35 18-0 23-0 
Extract C 0-5 9-0 0-0 


* Calculated from CO, released in first 10 min. after 


addition of ornithine. 
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Table 3. The effect of pyridoxal phosphate and heat treatment upon the activity of a dialysed extract 


of Escherichia coli 


Main compartment contents: 0-5 ml. dialysed cell-free extract of Esch. coli (20 mg. dry wt./ml.); 0-1 or 0-2 ml. cell-free 
extract of Strep. faecalis (7-8 mg. protein/ml.); 0-3 ml. 2m sodium phosphate buffer, pH 5-8; 0-05 ml. 0-12mM-MgCl, ; and 
water to 1-2 ml. Additions: 0-1 ml. pyridoxal phosphate (approx. 50yug./ml.). Side compartment contents: 0-3 ml. 


0-025 L-citrulline or L-ornithine dihydrochloride. Gas phase nitrogen; temp. 37°; period of incubation 1 hr. 


Strep. faecalis 
extract 
Substrate (ml.) 
Ornithine 0-1 
Ornithine 0-1 
Citrulline 0-1 
Citrulline 0-1 
Citrulline 0-2 
Citrulline 0-1 
Citrulline 0-1 


* Esch. coli extract heated at 60° for 10 min. 


+ Esch. coli extract boiled for 10 min. 
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Fig. 1. The effect of hydroxylamine upon the breakdown of 
citrulline. Main compartment: 0-05 ml. 0-12mM-MgCl, ; 
0-15 ml. dialysed extract of Strep. faecalis (11-1 mg. 
protein/ml.); 0-5 ml. dialysed extract of Esch. coli 
(16-6 mg. protein/m].); 0-2 ml. 2m sodium phosphate 
buffer, pH 5-8; either 0-1 ml. pyridoxal phosphate 
(approx. 50yg./ml.) or 0-1 ml. 0-014mM-NH,OH, HCl. 
Side compartment no. 1: 0-3 ml. 0-025mM L-citrulline; 
0-1 ml. 2m sodium phosphate buffer, pH 5-8; 0-1 ml. 
water. Side compartment no. 2: 2N-HCl. Gas phase 
nitrogen; temp. 37°. At intervals, the reaction was 
stopped by the addition of acid from the side com- 
partment. The samples were also mixed with 5-5 ml. 6% 
(w/v) trichloroacetic acid and centrifuged. O, CO,; 
@, citrulline; —, control; -—-, +NH,OH. 


The activity of dialysed extracts of Esch. coli. The 
rate of release of carbon dioxide from citrulline by 
the combined extracts of Strep. faecalis and Esch. 
colt was increased in the presence of magnesium 
chloride, which was thereafter always added. 
Heating the dialysed extract of Esch. coli at 60° for 
10 min. reduced the rate of release of carbon dioxide 
from citrulline by 38%, whilst boiling almost 
completely destroyed the activity (Table 3). In 
the presence of added pyridoxal phosphate (the 





Esch. coli Pyridoxal 
extract phosphate CO, released 
(ml.) (ml.) (umoles/hr.) 

0-5 0 2-0 

0-5 0-1 3-6 

0-5 0 6-8 

0-5 0-1 8-2 

0-5 0-1 9-6 

0-5* 0-1 5-1 

0-5t 0-1 0-6 
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Fig. 2. Non-competitive inhibition by hydroxylamine of 


the release of CO, from citrulline in the presence of 
phosphate. Main compartment: 0-5 ml. dialysed cell- 
free extract of Esch. coli (11-4 mg. protein/ml.); 0-1 ml. 
dialysed cell-free extract of Strep. faecalis (11-1 mg. 
protein/ml.); 0-15 ml. m sodium succinate buffer, pH 5-6; 
0-05 ml. 0-12M-MgCl,; 0-1 ml. pyridoxal phosphate 
(approx. 50yg./ml.) or 0-1 ml. 1-4 mm-NH,OH,HC. 
Side compartment: 0-3 ml. 0-3m t-citrulline; 0-3 ml. 
(0-0-1m) sodium phosphate buffer, pH 5-6, or water. 
Gas phase nitrogen; temp. 37°. CO, release was measured 
at 5 min. intervals after tipping, and the velocity caleu- 
lated from the steady gas output in the first 20 min. 
O, control; @, +hydroxylamine. 


prosthetic group of ornithine decarboxylase—Galk, | 
1946), the rate of production of carbon dioxide from 
citrulline or from ornithine was increased. 


Inhibition by hydroxylamine 
The rate of production of carbon dioxide from 


citrulline was measured in the presence of sufficient 
hydroxylamine to inhibit ornithine decarboxylase | 
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completely (Gale, 1946). The rate of citrulline 
| removal was inhibited 50 % (Fig. 1) in the presence 
| of hydroxylamine and only 1 mole of carbon 
cell-free | dioxide released/mole of citrulline removed. The 
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(K,,) was 1-76 mm phosphate in each case. In the 
presence of hydroxylamine and phosphate buffer 
(0-4m) the Michaelis constant for citrulline was 
0-01M. 


1,3 and} inhibition by hydroxylamine was investigated The effect of varying amounts of the two bacterial 
oom further, since hydroxylamine does not inhibit extracts upon the rate of production of carbon 
citrulline breakdown in the presence of phosphate dioxide from citrulline is shown in Table 4. Con- 
/ and ADP (Knivett, 19525). centrations of Strep. faecalis extract above 0-1 ml./ 
The rate of carbon dioxide production was cup had little effect upon the rate of release of 
measured over a range of phosphate concentrations, carbon dioxide. However, the rate was increased by 
with sufficient hydroxylamine to inhibit ornithine addition of greater amounts of Esch. coli extract. 
decarboxylase completely. The reciprocal of the The rate of carbon dioxide release was increased 
initial velocity (v) was plotted against the reciprocal several fold when arsenate buffer replaced phos- 
of phosphate concentrations (s) according to the phate. 
method of Lineweaver & Burk (1934) and the line of Table 5 illustrates the effect of citrulline con- 
closest fit calculated by the method of least squares centration upon the rate of formation of carbon 
(Fig. 2). The calculated maximum velocity (umoles dioxide in the presence of sufficient hydroxylamine 
CO,/hr./ml.) was 1-3 in the presence of the inhibitor to inhibit ornithine decarboxylase completely. For 
and 4-6 in its absence, whilst the Michaelis constant higher citrulline concentrations, the difference 
a 
5 Table 4. The release of carbon dioxide from citrulline by varying concentrations of dialysed extracts 
of Streptococcus faecalis and Escherichia coli 
Main compartment contents: varying quantities of dialysed extracts of Strep. faecalis (11-1 mg. protein/ml.) and Esch. 
coli (12-3 mg. protein/ml.); 0-3 ml. 2m sodium phosphate or arsenate buffer, pH 5-8; 0-1 ml. pyridoxal phosphate (approx. 
100 pg./ml.) or 0-1 ml. 1-4 mm-NH,OH, HCl; and water to 1-45 ml. Side bulb contents: 0-3 ml. 0-3 L-citrulline or 0-025m 
L-ornithine dihydrochloride. Gas phase nitrogen; temp. 37°. 
CO, released 
Strep. faecalis Esch. coli (umoles/hr.) 
extract extract 
-o (ml.) (ml.) Control +NH,OH 
0-1 0 0-2 — 
0-1 0-25 7-8 2-4 
0-2 0-25 8-7 — 
0-3 0-25 9-7 2-7 
— 0-1 0-50 12-6 —_ 
200 | 0-3 0-50 15-8 4-5 
} Strep. faecalis Esch. coli 
ine of extract extract CO, released 
ice of (ml.) (ml.) Substrate Buffer (umoles/15 min.) 
cell 0-1 0-25 Citrulline Arsenate 21-0 
+1 ml. 0-2 0-25 Ornithine Phosphate 3-7 
‘1 mg. 0-2 0-25 Ornithine Phosphate 1-2* 
HL 5:6; a : : 
phate Pyridoxal phosphate omitted. 
HCL. * * - . . 
3 ml. Table 5. The effect of citrulline concentration upon the rate of release of carbon dioxide 
vater. in the presence and absence of hydroxylamine 
- Main compartment contents: 0-25 ml. dialysed extract of Esch. coli (12-3 mg. protein/ml.); 0-2 ml. dialysed extract of 
‘min. | ‘Strep. faecalis (11-1 mg. protein/ml.); 0-05 ml. 0-12mM-MgCl, ; 0-3 ml. 2m sodium phosphate buffer, pH 5-8; 0-1 ml. pyri- 
doxal phosphate (approx. 50yug./ml.) or 0-1 ml. 1-4 mm-NH,OH, HCl; water to 1-2 ml. Side bulb contents: 0-3 ml. L- 
citrulline (0-0375-0-3M) or 0-025M L-ornithine dihydrochloride. Gas phase nitrogen; temp. 37°; period of incubation 2 hr. 
xale, | CO, released Difference in 
from (umoles) CO, released 
Citrulline Ornithine owing to NH,OH 
(mm) (mm) Control +NH,OH (umoles) 
0 0 0-1 _ — 
75 0 6-6 1-8 4:8 
from 15-0 0 8-5 2:3 6-2 
ent 30-0 0 9-1 3-1 6-0 
60-0 0 9-6 3-7 5-9 
ase | 0 5 6-0 0-1 ee 


31-2 
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Table 6. The effect of ornithine and putrescine on the rate of carbon dioxide formation from citrulline 


All cups contained: 0-15 ml. 0-3 L-citrulline; 0-05 ml. 0-12M-MgCl, ; 0-4 ml. L-ornithine dihydrochloride or DL-ornithine 
dibromide or putrescine; 0-02 or 0-1 ml. dialysed extract of Strep. faecalis (11-1 mg. protein/ml.). Other additions—{a) 
Arsenate system: 0-6 ml. M sodium arsenate buffer, pH 5-8. (b) Phosphate and ADP system: 0-3 ml. 2m sodium phosphate 
buffer, pH 5-8, and 0-25 ml. 0-025M-ADP. (c) Phosphate, NH,OH and Esch. coli system: 0-3 ml. 2m sodium phosphate 
buffer, pH 5-8; 0-5 ml. dialysed extract of sch. coli (16-6 mg. protein/ml.) and 0-1 ml. 1-4 mm-NH,OH, HCl. (d) Phos. 
phate, and Esch. coli system: as (c) except 0-1 ml. pyridoxal phosphate (approx. 100 ug./ml.) instead of hydroxylamine. 


Water to 1-5 ml. Gas phase nitrogen; temp. 37°. 
Test system Arsenate 


Initial L-ornithine 
concentration 


Phosphate 
+ADP 


Phosphate and 
Esch. coli 
extract 


Phosphate, 
NH,OH and 
Esch. coli 
extract 


Inhibition of rate of CO, formation (%) 
cae 





(mm) 
0 
5 
10 
20 
40 
80 


Initial pL-ornithine 
concentration 
(mm) 

10 
20 


Initial putrescine 
concentration 
(mM) 


15 10 


between the rates of the inhibited and uninhibited 
reactions was constant and was almost equal to the 
ornithine decarboxylase activity of the system. 
A number of Esch. coli extracts were tested in this 
manner, and in no case was the decrease of the rate 
of production of carbon dioxide with hydroxyl- 
amine greater than the ornithine decarboxylase 
activity of the extract. 


The effect of ornithine and putrescine on 
citrulline breakdown 


The addition of hydroxylamine prevented the 
decarboxylation of ornithine to putrescine and led 
to an accumulation of ornithine. To test whether 
the decreased rate of citrulline breakdown in the 
presence of hydroxylamine (Fig. 1) was due to an 
inhibition by ornithine, the effect of ornithine 
concentration on citrulline breakdown was tested 
with either arsenate or phosphate and ADP or 
phosphate, hydroxylamine, and Esch. coli extract. 
Sufficient hydroxylamine was added to produce 
complete inhibition of ornithine decarboxylase 
activity during the experiment. In all three cases, 
approximately 50 % inhibition of citrulline (30 mm) 
breakdown was observed when t-ornithine (20 mm) 
was present (Table 6). pi-Ornithine was about half 
as effective an inhibitor as L-ornithine. Putrescine 


0 0 
18 20 
38 38 
57 56 
76 69 
88 85 


Table 7. The anaerobic synthesis of citrulline from | | 


ornithine by a cell-free extract of Streptococcus 


faecalis 


Side bulb contents: 0-1 ml. 0-18m L-ornithine dihydro- 
chloride, 0-1 ml. 0-18mM-NH,Cl and 0-1 ml. 0-03m ATP (or 
ADP or AMP), previously adjusted to pH 7-0 with HCl or 
NaOH; 0-05 ml. 0-12m-MgCl,; 0-3 ml. 0-24m-KHCO,. 


Main compartment contents: 0-2 ml. dialysed extract of | 


Strep. faecalis (8-1 mg. protein/ml.), and water to 0-85 ml. 
temp. 37°. Gas phase: 5% CO,, 95% H, or N, (when 
KHCO, omitted). The reaction was stopped by the addition 
of 3-0 ml. 5% (w/v) trichloroacetic acid and 0-5 ml. of the 
filtrate removed for the estimation of citrulline. 


Citrulline 
formed 
(umoles/cup) 
0-0 
1-2 
2-0 
2-4 
2:8 
0-0 
0-2 


Time of 
incubation 


Conditions (min.) 


Complete system 
Complete system 
Complete system 
Complete system 
Complete system 
KHCO, and CO, omitted 
0-3 ml. 0-06mM-K HCO, in 
place of 0-3 ml. M-KHCO, 
Ornithine omitted 
NH,Cl omitted 
Extract omitted 
ATP omitted 
ATP replaced by ADP 
ATP replaced by AMP 


0-0 
0-0 
0-0 
0-0 
1:3 
0-0 
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(15mm) had no significant inhibitory effect on 
citrulline breakdown, except when an Esch. coli 
extract with no hydroxylamine was present. 


The anaerobic synthesis of citrulline 
from ornithine 


As t-ornithine inhibited the conversion of L- 
citrulline into L-ornithine, it seemed likely that the 
inhibition by ornithine might be due to a reversal of 
citrulline breakdown. Accordingly, attempts were 
made to demonstrate synthesis of citrulline from 
ornithine by the bacterial extract under anaerobic 
conditions. The results obtained are shown in 
Table 7. Ornithine, ammonia, carbon dioxide and 
ATP were all essential for citrulline synthesis, and 
no significant amount of citrulline was detectable 
if any of these components were absent. Some 
citrulline was synthesized when ATP was replaced 
by ADP, but this was probably due to the action 
of adenylate kinase (myokinase) in the extract. 
Adenosine monophosphate (AMP) could not replace 
ATP. 


DISCUSSION 


The inhibition by ornithine of citrulline breakdown 
can be overcome by the addition of ornithine 
decarboxylase (Esch. coli extract), in which case the 
rate of citrulline breakdown is determined by the 
activity of the ornithine decarboxylase in the 
extract and is stimulated by the addition of 
pyridoxal phosphate. Inhibitors of ornithine 
decarboxylase have no effect upon citrulline break- 
down with arsenate or phosphate and ADP, but 
only with the Esch. coli extract and phosphate. 

Hydroxylamine inhibits the release of carbon 
dioxide from citrulline noncompetitively, because it 
inhibits only the release of carbon dioxide from 
ornithine and has no effect on the formation of 
carbon dioxide from citrulline. 

Phosphate is essential for the breakdown of 
citrulline, whether an active ornithine decarboxy- 
lase is present or not in the Esch. coli extract. The 
factor in the extract responsible for citrulline break- 
down in the absence of ornithine decarboxylase was 
not identified, but in view of its thermolabile 
properties it may well be an enzyme. The rate of 
carbon dioxide output usually remained constant 
for more than an hour, even when limiting concen- 
trations of phosphate were present. This suggests 
that the concentration of phosphate remained 
constant and was not appreciably reduced by the 
formation of a phosphorylated intermediate. 
Furthermore, any phosphorylated intermediate can 
only be present in trace amounts and be rapidly 
decomposed so that no accumulation can occur. It 
seems likely that the apparent inhibition by 
ornithine is due to a shift in the equilibrium 
towards citrulline. 
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Gale (1945) found that in the absence of arginine, 
growth of the strain of Strep. faecalis used in this 
work took place in the presence of ornithine; the 
rate of growth and the total crop depended upon the 
concentration of carbon dioxide in the medium. He 
suggested that under these conditions, ornithine 
was converted into arginine, but he was unable to 
detect any disappearance of ornithine. 

The conversion of ornithine into arginine has 
been studied with ‘biochemical’ mutants of 
Neurospora crassa (Srb & Horowitz, 1944), Peni- 
cillium notatum chrysogenum (Bonner, 1946) and 
Escherichia coli (Davis, 1950). Their results indicate 
that citrulline is an intermediate in the synthesis of 
arginine from ornithine. 


SUMMARY 


1. Citrulline is decomposed by dialysed cell-free 
extracts of Streptococcus faecalis without the 
addition of adenosine diphosphate or arsenate if 
a dialysed cell-free preparation of Escherichia coli 
containing ornithine decarboxylase is present. 

2. The rate of release of carbon dioxide is 
dependent upon the concentrations of citrulline and 
of phosphate, and is stimulated by the addition of 
pyridoxal phosphate and of magnesium ions. 

3. Hydroxylamine, sufficient to inhibit orni- 
thine decarboxylase, inhibits the rate of removal of 
citrulline by 50 % and only 1 mole of carbon dioxide 
is released/mole of citrulline removed. 

4. Citrulline breakdown is inhibited in the 
presence of L-ornithine or to a lesser extent by DL- 
ornithine. Putrescine does not inhibit directly the 
breakdown of citrulline. 

5. Formation of citrulline by an extract of 
Strep. faecalis occurs, under anaerobic conditions, 
in the presence of ornithine, ammonia, carbon 
dioxide and adenosine triphosphate. 


I am grateful to Dr E. F. Gale, F.R.S., for his help and 
encouragement and to Professor H. A. Krebs, F.R.S., for 
his advice and interest in this work. I am indebted to the 
late Mr E. J. Morgan (Biochemical Laboratory, Cambridge) 
for the preparation of ADP, to Dr A. L. Morrison (Roche 
Products Ltd.) for a generous gift of pyridoxal phosphate, to 
Professor H. A. Krebs for a sample of ATP, and to Dr H. D. 
Slade for AMP and the strain of Esch. coli. The work has 
been supported in part by a Medical Research Council 
Training Grant. The paper is published by permission of the 
Director, Chemical Research Laboratory, Teddington, 
Middlesex. 
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The evidence that growth factors of the folic acid 
group are required for some step in the biosynthesis 
of serine by various micro-organisms has been 
reviewed by Shive (1951), Woods (1952) and 
Lascelles, Cross & Woods (1954). It is of an indirect 
nature and springs from observations with growing 
cultures that serine is a component of certain 
mixtures of amino acids and nucleic acid derivatives 
which can replace the requirement for p-amino- 
benzoic acid or folic acidt either for growth or for 
overcoming inhibition of growth by sulphonamides 
(Winkler & de Haan, 1948; Lampen, Jones & 
Roepke, 1949; Holland & Meinke, 1949; Snell, 1951; 
Lascelles et al. 1954). 

Glycine replaces serine for the growth of mutant 
strains of Neurospora and Escherichia coli (Tatum, 
1949; Roepke, Libby & Small, 1944; Wright, 1951) 
and, under certain conditions, of Leuconostoc 
mesenteroides P60 (Streptococcus equinus P60) 
(Lascelles et al. 1954); glycine may therefore be an 
intermediate in serine formation, as it may be also in 
animal tissues (see below). After growth of Toru- 
lopsis utilis on a medium containing [carboxy-'4C]- 
glycine the bulk of the isotope was found in the 
glycine, serine and proline fractions of the hydro- 
lysed cell-protein (Ehrensvird, Sperber, Saluste, 
Reio & Stjernholm, 1947). 

Growth experiments with micro-organisms also 
provide evidence, again indirect, that folic acid is 
required for the conversion of glycine into serine. 
With Im. mesenteroides P 60 there was an increased 


* Beit Memorial Fellow at the time of this work. 

t The term folic acid will be used throughout in general 
reference to the group as a whole; individual members will 
be named specifically. 








requirement for p-aminobenzoic acid or N5-formyl- 
5:6:7:8-tetrahydropteroylglutamic acid (leucovorin) 
when the organism grew with high concentrations of 
glycine in the absence of serine (Lascelles e¢ al. 1954). 
Folic acid would not replace serine for the growth of 
Lactobacillus bifidus unless glycine were present 
(Nepple, Wright & Skeggs, 1951) while, with the 
protozoon Tetrahymena pyriformis W, Kidder & 
Dewey (1953) found that growth occurred on a 
medium containing glycine but no serine only if high 
concentrations of folic acid were added; increased 
thioctic acid (protogen) was also required. 

Pyridoxal is required for growth of Im. mesen- 
teroides P60 on media containing glycine but no 
serine (Lascelles et al. 1954); it may therefore also 
take part in the synthesis of the latter amino acid 
from the former. A function of vitamin B, at some 
stage of serine formation had also been indicated by 
replacement experiments with growing cultures of 
Streptococcus faecalis, Lactobacillus arabinosus and 
Im. mesenteroides (Lyman, Moseley, Wood, Butler & 
Hale, 1947; Steele, Sauberlich, Reynolds & Bau- 
mann, 1949). 

In the experiments with growing cultures sum- 
marized above, with few exceptions, synthesis of 
serine was not actually demonstrated but inferred 
from the production of new cell material (assumed 
to contain serine) on media not containing this 
amino acid. Lascelles e¢ al. (1954), however, 
showed that cells of In. mesenteroides grown with 
glycine contained a normal content of serine, and 
Ehrensvird et al. (1947) also have this confirmation 
with Torulopsis utilis. In most cases the growth 
media contained many other substances besides 
those discussed; some of these or their metabolic 
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products may also have been necessary for serine 
formation. The object of the present work was to 
determine the conditions necessary for serine forma- 
tion under the more controlled conditions possible 
with cell suspensions; some of the results have 
already been reported briefly (Lascelles & Woods, 
1950; Lascelles, Cross & Woods, 1951). Strep. 
faecalis R was chosen because this organism does 
not require serine for growth under appropriate 
conditions and can presumably synthesize it. 
Furthermore, cells deficient in folic acid may be 
obtained by growth on a medium containing certain 
amino acids, purines and thymine; folic acid is not 
then required (Stokes, 1944; Lampen & Jones, 1946; 
Snell, 1951). Addition of p-alanine to the normal 
medium permits growth in the absence of vitamin 
B,, and cells devoid of this vitamin may thus be 
obtained (Holden, Furman & Snell, 1949). 

The growth experiments with micro-organisms 
give no clue as to the nature or source of the one- 
carbon residue also required if serine is formed 
directly from glycine. Help here comes from 
experiments with animal tissues using isotopic 
tracer technique though no actual increase in serine 
was shown. Sakami (1948) fed [carboxry-“C]glycine 
and [carboxy-C]formate to rats and found the 
liver-serine to contain }°C in C-1 and 44C in C-3; this 
is consistent with the formation of serine from 
glycine by condensation with a one-carbon unit 
derived from formate. Other compounds found to 
provide C-3 of serine in similar work with intact 
animals, liver slices and tissue preparations include 
formaldehyde, acetone, methionine, choline, sarco- 
sine and glycine itself (Sakami, 1949a, b; Siekevitz 
& Greenberg, 1949, 1950; Siegel & Lafaye, 1950; 
Kruhoffer, 1951; Mitoma & Greenberg, 1952). 
Arnstein & Neuberger (1953a,6) have found, 
however, that C-2 of glycine is not a significant 
source of one-carbon residues in whole animals 
unless glycine is given in abnormally large amounts. 
Decreased ability to incorporate [carboxy-!C]- 
glycine into serine has been shown both with rats 
deficient in folic acid and with liver extracts of 
pyridoxin-deficient chicks (Plaut, Betheil & Lardy, 
1950; Deodhar & Sakami, 1953); an effect of 
Leuconostoc citrovorum factor on the incorporation 
of C-2 of glycine into C-3 of serine by chick liver 
preparations has also been reported (Kelley, 1951). 
Two important brief reports on these aspects of 
serine synthesis (Blakley, 1954; Kisliuk & Sakami, 
1954) which appeared after this paper had been 
prepared are considered in the Discussion. 


ORGANISMS AND METHODS 
Preparation of cell suspensions of Strep. faecalis R 


Organism. Stock cultures of Strep. faecalis Rogers 


(American Type Culture Collection no. 8043) were main- 
tained in stab culture on medium B1 of Nimmo-Smith, 
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Lascelles & Woods (1948), transferred every fortnight and 
stored at 4°. 

Medium. Cells deficient in both folic acid and vitamin B, 
were obtained by growth on medium G, which was based on 
that of Bellamy & Gunsalus (1945). It contained (in each 
litre of final medium): acid-hydrolysed casein (vitamin-free, 
prepared by the method of Snell & Rannefeld, 1945) 
equivalent to 5 g. original casein; DL-tryptophan, 100 mg.; 
DL-cysteine, 200 mg.; DiL-alanine, 200 mg.; glucose, 10 g.; 
glacial acetic acid, 0-8 ml.; mercaptoacetic acid (redistilled), 
0-08 ml.; KH,PO,, 8g.; MgSO,, 7H,O, 0-4g.; MnSO,, 
4H,0, FeSO,, 7H,O and NaCl, 20mg. each; adenine, 
guanine and uracil, 10 mg. each; nicotinic acid, 5 mg.; 
riboflavin and calcium pantothenate, 1 mg. each; biotin, 
1 pg. Thymine and pteroylglutamic acid were added to give 
final concentrations of 2 x 10-5m and 10-° respectively; 
the pH was adjusted to 7-2. 

Even though thymine and purines were present (Stokes, 
1944) growth was slow and irregular if pteroylglutamic acid 
was omitted altogether; it was therefore added but only at 
one-tenth the concentration required for optimum growth, 
in order to restrict the folic acid content of the harvested 
cells. Under these conditions thymine improved growth 
slightly. 

Growth. Medium & (200 ml. quantities in 250 ml. conical 
flasks) was autoclaved 10 min. at 10 Ib./sq.in. and warmed 
to 37° just before inoculating with 0-4 ml. (about 4 x 10° 
cells) from a 16 hr. culture (37°) on the same medium plus 
10-*m pteroylglutamic acid. This culture had been sown 
(1 loop) from a 24 hr. culture (37°) on a complex medium 
(B2, Nimmo-Smith et al. 1948), which had been inoculated 
in turn from a fresh 24 hr. stab culture. The flasks were 
incubated for 8 hr. at 37°; by this time the maximum cell 
density attained on this medium (about 0-5 mg. dry wt. 
cells/ml.) had been reached. This was about one-third of 
that achieved in the presence of optimum concentrations of 
pyridoxal and pteroylglutamic acid. 

The cells were centrifuged out, resuspended in the 
culture volume of 0-02m phosphate buffer pH 6-9, and 
again centrifuged. The cell paste was stored overnight at 
4°; it lost no activity in this time. 

The phosphate buffers used throughout were prepared 
from stock solutions of Na,HPO,, 12H,O and KH,PO,. 


General procedure for study of 
serine synthesis 


Reaction mixture. The washed cells were suspended at a 
concentration of 0-5-1-0 mg. dry wt./ml. in 5 ml. quantities 
(in 5x in. Pyrex tubes) of solution S, which normally 
contained: glycine, sodium formate and glucose, each 
0-02m; pyridoxal, 5x10-?m; pteroylglutamic acid, 
2 x 10-*m; phosphate buffer pH 6-9, 0-1m. Modifications in 
particular experiments are noted in the text. The tubes 
were usually incubated for 8 hr. at 37°. In each experiment 
there was a control containing cells suspended in the 
complete mixture and heated 5 min. at 100°. 

In some experiments the test for synthetic ability was 
preceded by treatment of the cells with various members of 
the folic acid group. A mixture of cells, glucose, buffer 
(concentrations as above) and the test substance (total 
volume 5 ml.) was incubated for 1-2 hr. at 37°. The cells 
were centrifuged out, washed twice with 5 ml. quantities of 
0-85 % (w/v) NaCl and tested for ability to synthesize serine 
in solution S with and without added folic acid. 
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Preparation of material for assay. The reaction was stopped, 
and any free serine within the cells liberated, by immersing 
the tubes in boiling water for 10 min.; the cells were then 
centrifuged out. Samples of the supernatant fluid were 
brought to pH 1-5-2 with n-HCl, autoclaved at 10 lb./sq.in. 
pressure for 10 min., cooled and neutralized with N-NaOH. 
The acid treatment was required to destroy Ln. citrovorum 
factor which interferes with the serine assay (Lascelles et al. 
1954). 

Assay of serine 


The microbiological assay of serine with Ln. mesenteroides 
P60, as adapted for this work, has been described elsewhere 
(Lascelles et al. 1954; medium L, used). Incubation was in 
air or N, for 42-46 hr. The growth response to DL-serine and 
to typical samples corresponded over a wide range of con- 
centration (Fig. la). Standards containing 2, 4, 8 and 
16 x 10-5 DL-serine were set up in each assay. The acid- 
treated samples under test were added in quantities within 
the range 0-1-0-8 ml.; their content of serine was obtained 
by direct comparison of the responses obtained at two con- 
centrations with the dose/response curve given by the 
standards. 

Results are expressed as pmoles L-serine formed/mg. dry 
wt. cells of Strep. faecalis; the assay organism responds only 
to L-serine. The overall accuracy of the method was about 
+10% for 0-02-0-1 umole L-serine. 


Assay of Leuconostoc citrovorum factor 


The test organism, hitherto known as Leuconostoc 
citrovorum (American Type Culture Collection no. 8081), 
has been reported by Felton & Niven (1953) to be a typical 
strain of Pediococcus cerevisiae; it was maintained as 
described by Lascelles & Woods (1952). 

The assay procedure followed that of Sauberlich & 
Baumann (1948) as slightly modified by Lascelles & Woods 
(1952), except that the amino acids of the basal medium 
were replaced by a mixture of DL-tryptophan, DL-cysteine 
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Fig. 1. (a) Response of In. mesenteroides P60 to DL-serine 
and to experimental samples. Serine, O; sample (acid- 
treated), +. (6) Response of Im. citrovorum to leuco- 
vorin and to experimental samples. Leucovorin, O; 
sample, +. (The samples were obtained from typical 
experiments in which cells suspended in complete solution 
S had synthesized serine.) 
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(each 100 mg./l.) and vitamin-free acid-hydrolysed casein 
prepared as by Snell & Rannefeld (1945) and added in 
amount equivalent to 5 g. original casein/I. 

Samples of reaction mixtures were prepared for assay as 
for serine except that the acid-treatment step was omitted; 
they had usually to be diluted before adding to the assay 
medium. Leucovorin (synthetic In. citrovorum factor) was 
used as standard and gave a dose/response curve similar to 
that of the samples under test (Fig. 1b). The effective range | 
of the assay was from 0-2 to 1-5 zumoles of leucovorin with 
an accuracy of about + 10%; results are expressed in terms 
of »m-moles leucovorin formed/mg. dry wt. cells Strep, 
faecalis R. 

Estimation of amino-nitrogen 


Fractions obtained from chromatography of the products 
of synthesis reactions were assayed for amino-N by the 
photometric ninhydrin method of Moore & Stein (1948), but 
modified to conserve ninhydrin. The quantity of ninhydrin 
reagent used for each 1 ml. sample was reduced to 0-25 ml. 
and the tubes were heated for 15 min. at 115° in an autoclave 
instead of in a boiling-water bath. After dilution with n- 
propanol the colour developed was measured in a Spekker 
absorptiometer (Hilger and Watts Ltd., London) using no. 
606 filter (peak transmission 577 my.) and 1 em. cells. For 
specific assay of the serine fraction, DL-serine was used as 
standard; the relationship between instrument reading and 
serine concentration was linear between 1 and 8 x 10m 
serine. 


Growth experiments with Streptococcus faecalis R 


The basal medium (Ff) used was that of Henderson & 
Snell (1948) modified for the present purpose by omitting 
glycine, serine, pteroylglutamic acid, p-aminobenzoic acid 
and all forms of vitamin B,, and by adding thymine 
(2x10-5m). The medium was used in a final volume, 
including experimental additions and inoculum, of 2 ml. in 
5 x 2 in. tubes and was incubated in air at 37°. Each tube 
was inoculated with 0-1 ml. of a 1/500 dilution of a 24 hr. 
culture in medium B2 (see above); this had been sown in 
turn from a stock 24 hr. stab culture. General procedures 
were as described for Ln. mesenteroides P60 by Lascelles 
et al. (1954). 

Extent of growth is recorded as galvanometer reading of 
an EEL photoelectric colorimeter (Evans Electroselenium, 
Harlow, Essex); the relation between dry weight of cells 
and the reading was linear over the range used; 0-49 mg./ml. 
gave a reading of 10. 

Chemicals 

The source of the materials and the preparation and 
storage of stock solutions of pyridoxal and members of the 
folicacid group have been described by Lascelles et al. (1954). 
N?.Methylpteroic acid was a gift from Dr T. H. Jukes 
(Lederle Laboratories). 


RESULTS 
Substrates required for the synthesis of serine 


Cell suspensions of Strep. faecalis R deficient in folic 
acid and pyridoxal synthesized serine when incu- 
bated in solution S, which contained these sub- 
stances together with glycine, formate and glucose 
(Fig. 2, Table 1). Serine formation increased with 
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Table 1. Substances required for the synthesis of serine and Leuconostoc citrovorum factor 


Cells (0-7 mg. dry wt./ml.) incubated 8 hr. in 0-1m phosphate buffer with the additions shown. 








Product 
Additions a M17 
— “ Im. citrovorum 
Pteroyl- L-Serine factor 
Glycine Formate Glucose glutamate Pyridoxal (pmoles/mg. (um-moles/mg. 
(0-02m) (0-02M) (0-02) (2x10-®m) (5x 10-7M) cells) cells) 
+ + + + + [0-06 <0-001}* 
+ + + + + 0-52 0-114 
- + + + + <0-05 0-183 
+ - + + + 0-07 0-030 
+ + - + + 0-06 0-003 
+ + + = + 0-07 <0-001 
+ + + + = 0-08 0-330 
- + + + - . 0-228 
- + + = ° 0-027 
- + - + = . <0-001 
+ + - - : <0-001 
* Control with heated cells (see Methods). 
1-4 a > 125 
049 > 
12 ee bi 1-00 
2 > » 
8 40 3 3 
; 03 > = 
z E 5 075 
308 i 2 
3 — 
a 2 050 
§ 06 — - 
= 5 & 
: € 2 025 
= 04 £ 
& 01 = 5 
a > ” 
02 § = -* 
v None —4 a a = 
0 Os added Substrate (log. m) 
Rw is x a See 
Time of incubation (hr.) Fig. 3. Effect on serine synthesis of the concentration of 
Fig. 2. Rate of formation of serine (O) and of Ln. citro- formate (O), glycine ( + )and glucose (@). Cells (0-67 mg./ 


vorum factor (@). Tubes, each containing 2-5 mg. cells in 
5 ml. complete solution S, were incubated for times 
shown; controls with heated cells contained <0-05 pmole 
L-serine and <0-001 »m-mole Ln. citrovorum factor/mg. 
cells. 


time of incubation up to about 12 hr. (Fig. 2). There 
was some variation, with different batches of cells, 
in the amount of serine formed in the standard 
incubation time of 8 hr., but it was rarely outside 
the range 0-5—1-0 pmole/mg. dry wt. cells. 

The single omission of either glycine, formate or 
glucose from solution S reduced synthesis to about 
one-tenth of that with the complete mixture 
(Table 1). Less formate (about 0-002m) than 
glycine (about 0-02M) was required for optimum 
serme formation (Fig. 3). Synthesis fell sharply 
when glucose was reduced below 0-02m and in- 
creased only slightly with higher concentrations 
(Fig. 3); such high concentrations were not used as 
a routine in order to avoid complications in certain 
analytical methods. 


ml.) were incubated 8 hr. in solution S containing variable 
amounts of the test substance and normal amounts of the 
other two. Controls with heated cells showed <0-05 p- 
mole L-serine/mg. cells. 


Source of the single-carbon unit. No substance 
tested was found adequately to replace formate for 
serine synthesis in the present system. Methionine, 
choline, betaine and sarcosine (all tested at 0-01™M) 
were inactive. Formaldehyde (10-*m) also failed to 
promote serine production in the absence of formate ; 
at higher concentrations it inhibited synthesis with 
formate present. No serine was formed without 
formate even when glycine concentration was 
raised to 0-05; it is unlikely, therefore, that this 
amino acid can also provide the single-carbon 
unit. 

Pyruvate had some activity, but at optimum 
concentration (10-?m) gave only 40 % of the serine 
obtained with optimum formate (2 x 10-*m); with 
pyruvate also at the latter concentration the yield 
of serine was reduced to 20 % of that with formate. 
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Growing cultures of Im. mesenteroides P60 
synthesize serine from glycine if incubated in an 
atmosphere enriched with CO, or if leucovorin is 
present (Lascelles e¢ al. 1954). Incubation of sus- 
pensions of Strep. faecalis R in solution S under 
atmospheres containing 5 % (v/v) CO, did not affect 
serine synthesis or abolish the need for formate. The 
presence of leucovorin (2 x 10-*m) did not reduce 
the amount of formate required. 


Effect of vitamin B, 


The presence of D-alanine in medium G permits 
growth of Strep. faecalis R in the absence of vitamin 
B,, and the harvested cells are devoid of the vitamin 
(Holden et al. 1949). They formed little or no serine 
in solution S when pyridoxal was omitted (Table 1). 
Synthesis became detectable with 10-°m pyridoxal 
and reached an optimum at about 5x 10-°m 
(Fig. 4). Pyridoxal phosphate had only about one- 
fiftieth of the activity of pyridoxal; it may not 
penetrate the cells as easily. 

In experiments reported earlier (Lascelles & 
Woods, 1950) the effect of pyridoxal, though 
marked, was not absolute. These experiments were 
done before the discovery that Im. citrovorum factor, 
when present with high concentrations of glycine, 
could induce growth of the assay organism in the 
absence of serine (Lascelles et al. 1954); the samples 
for assay were not, at that time, acid-treated. It is 
shown later that Im. citrovorum factor is formed by 
cell suspensions in solution S concurrently with 
serine. 

Effect of folic acid 

The cells of Strep. faecalis R were harvested from 
a medium containing initially only suboptimum 
quantities of pteroylglutamic acid (see Methods); 
they contained no folic acid detectable by assay 
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with Lactobacillus casei by the method of Lascelles & 
Woods (1952). Such cells synthesized no serine when 
pteroylglutamic acid was omitted from the reaction 
mixture (Table 1); the amount of serine formed 
increased with increasing pteroylglutamic acid 
concentration up to 2 x 10-7 (Fig. 4). 
Replacement of pteroylglutamic acid. Members of 
the folic acid group which support growth of Strep, 
faecalis R were also active in replacing pteroyl- 
glutamic acid for serine synthesis by cell suspensions 
(Table 2). Of the compounds tested only N. 
formylpteroylglutamic acid was as active as 
pteroylglutamic acid itself; it is also equally 
effective for growth (Gordon, Ravel, Eakin & 
Shive, 1948). Rhizopterin (N1°-formylpteroic acid), 
even with L-glutamate added, was less active than 
pteroylglutamic acid for serine synthesis though it is 


- 
oO 


° 
) 


S 
a 


Preroylglutamic 


‘Pyridoxal 
acid 


° 
+ 


2° 
N 


L-Serine formed (ymoles/mg. cells) 


an sa -8 we ~6 3 


added — Pteroylglutamic acid or pyridoxal (log. ™) 
Fig. 4. Effect of pyridoxal (©) and pteroylglutamie acid 
(@) on the synthesis of serine. Cells (O, 0-8 mg./ml.; 
@, 0-7 mg./ml.) were incubated 8 hr. in solution S con- 
taining variable concn. of the factor under test and 
normal concn. of the other. Controls with heated cells 
showed 0-05 umole L-serine/mg. cells. 


Table 2. Effect of various members of the folic acid group on serine synthesis 


Cells (0-8 mg. dry wt./ml.) incubated 8 hr. in solution S containing either pteroylglutamic acid or the other substances 


shown. 


Addition 
None 
Pteroylglutamic acid 
N*°.Formylpteroylglutamic acid 
Leucovorin 


Rhizopterin 
+ L-Glutamiec acid 


L-Glutamic acid 


L-Serine formed 
(umoles/mg. cells) in 


Expt. 1 
<0-05 
[ <0-05 
1-15 
1-10 
1-15 
1-15 
0-85 
0-80 


Expt. 2 

<0-05 

<0-05]* 
0-82 


0-85 


0-95 
0-80 


0-09 


* Control with heated cells. 





1954 


les & 
vhen 
*tion 
med 
acid 


rs of 
rep. 
oyl- 
ions 
N10, 


ally 
1 & 
id), 
han 
it is 


hl 


cid 
ail.; 
on- 
nd 
alls 


eS 








Vol. 58 


10 times more active for growth (Rickes, Chaiet & 
Keresztesy, 1947). 

Leucovorin (N*-formyl - 5:6:7:8 - tetrahydro- 
pteroylglutamic acid, calcium salt pentahydrate; 
synthetic Im. citrovorum factor) is a mixture of the 
(+)t- and (—)L- isomers, where L refers to the 
stereochemical configuration of the glutamic acid 
residue and (+) or (—) to the optical rotation 
attributable to the asymmetric carbon atom (C-6) in 
the pteridine ring. The (—)t- form has been iso- 
lated and found to have twice the activity of the 
racemic compound for the growth of Strep. faecalis 
R (Cosulich, Smith & Broquist, 1952). Since the 
latter has in turn about half the activity of pteroyl- 
glutamic acid, it is likely that the (—)L- isomer has 
potency equal to that of pteroylglutamic acid 
(Broquist, Brockman, Fahrenbach, Stokstad & 
Jukes, 1952). Leucovorin was rather less active 
than pteroylglutamic acid for serine synthesis by 
cell suspensions; this cannot be attributed to the 
presence of only 50 % active isomer, since a tenfold 
increase in concentration did not increase the 
amount of serine formed (Table 2). 

p-Aminobenzoic acid was inactive both for growth 
and for serine synthesis by cell suspensions. 


Activity of cells previously incubated with 
members of the folic acid group 

It seemed possible that pteroylglutamic acid took 
part in serine synthesis after conversion into some 
more complex coenzyme-like form. Experiments 
similar in principle to those of Novelli & Lipmann 
(1950) with pantothenate were carried out. These 
workers found that previous incubation of panto- 
thenate-deficient yeast cells with this vitamin and 
glucose resulted in a greatly increased rate of 
acetate oxidation: during the first incubation the 
pantothenate was partly converted into coenzyme 
A, which was inactive in stimulating acetate oxida- 
tion when supplied exogenously. 
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Cells of Strep. faecalis R deficient in folic acid 
were incubated in buffered glucose with and 
without members of the folic acid group (see 
Methods). After washing, their ability to synthesize 
serine was tested in solution S in the presence and 
absence of added pteroylglutamic acid. 

Cells first incubated in glucose plus pteroyl- 
glutamic acid no longer required the latter for serine 
synthesis; they were, however, no more active than 
untreated cells tested in complete solution S (Fig. 5). 
Incubation in buffer or buffered glucose alone gave 
cells with reduced synthetic ability compared with 
cells treated with pteroylglutamic acid when both 
were finally tested in solution S containing the 
vitamin (Table 3). With formate as well as pteroyl- 


° ° ° 
> a eo 


2 
~ 


L-Serine formed (umoles/mg. cells) 





0 


Fig. 5. Synthesis of serine by cells first incubated with 
pteridine derivatives. Cells (0-5 mg./ml.) first treated 
1 hr. in buffered glucose containing: A, formate or no 
addition; B, pteroylglutamic acid; C, pteroylglutamic 
acid plus formate; D, leucovorin; Z, N1°-formylpteroyl- 
glutamic acid; F, rhizopterin plus glutamate. Cells then 
separated, washed and incubated 6hr. in solution S 
without pteroylglutamic acid. U, untreated cells incu- 
bated 6 hr. in solution S containing pteroylglutamic acid. 
Conen. used: pteridine derivatives, 2 x 10-*m; formate, 
0-02; L-glutamate, 0-01 Mm. 


Table 3. Effect on synthesis of serine of previous incubation of the cells with glucose, formate 
and pteroylglutamic acid derivatives 
Cells (3-7 mg.) were first incubated 1 hr. in 5 ml. phosphate buffer pH 6-9 (0-1m) containing the substances shown. 
They were then washed twice with 5 ml. 0-85% (w/v) NaCl, suspended in 5 ml. solution S with and without pteroyl- 
glutamate (2 x 10-*m), and incubated 6-5 hr. (Expt. 1) or 7-5 hr. (Expt. 2). 
L-Serine (umoles/mg. cells) formed during second incubation 


Additions for first incubation 





in the presence or absence of pteroylglutamate 











7 
c — sy Expt. 1 Expt. 2 
Glucose Formate Pteridine derivative —* — ———— ~ 
(0-02 m) (0-02 Mm) (2 x 10-®m) Absent Present Absent Present 
- - N <0-05 0-29 0-05 0-45 
+ - ss <0-05 0-37 0-06 0-53 
= - | 0-09 0-25 0-17 0-59 
+ - E 0-44 0-45 0-63 0-72 
5 ‘ | Pteroylglutamate 0-09 0-31 ; 
2 + J 0-51 0-50 J 
~ mal eas 0-30 0-40 0-27 0-53 
* at Leucovorin 0-54 0-54 0-72 0-75 
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glutamic acid present during the first incubation 
the cells synthesized 15-40% more serine than 
those treated only with pteroylglutamic acid 
(Fig. 5). The increased activity, though small, was 
obtained (within the range stated) in twenty-five 
experiments in which different crops of cells were 
used. A similar increase in synthesis occurred when 
leucovorin or N”-formylpteroylglutamic acid (both 
formyl derivatives) replaced pteroylglutamic acid 
plus formate for the first incubation (Fig. 5). Serine 
formation by all these types of treated cells was 
only increased slightly, if at all, by the inclusion of 
pteroylglutamic acid in solution S for the second 
incubation (Table 3). Cells first treated with N?- 
formylpteroic acid (rhizopterin) plus glutamate, 
although synthesizing serine in solution S without 
added folic acid, did not show greater activity than 
cells treated with pteroylglutamic acid. 

Omission of glucose during the treatment with 
pteroylglutamic acid reduced the ability of the cells 
to synthesize serine in solution S without this 
vitamin by 80-100 % (Table 3); in similar experi- 
ments with leucovorin activity was about halved. 
It is possible that glucose may be needed as an 
energy source both for the passage of these com- 
pounds into the cell and for their conversion into 
some more complex form. 

Inhibition by N™-methylpteroic acid. The fact that 
growth of Strep. faecalis R is inhibited by N?®- 
methylpteroic acid and that the inhibition is over- 
come competitively by pteroylglutamic acid (Cosu- 
lich & Smith, 1948) suggests that it may prevent the 
conversion of the latter into a more complex form. 
Serine formation was reduced to less than half when 
the analogue was added at equimolar concentration 
to pteroylglutamic acid; at higher concentrations 
inhibition was almost complete (Table 4). The 
inhibition was overcome competitively by pteroyl- 
glutamic acid over a hundred-fold range of inhibitor 
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concentration; the data of Table 4 show also that 
approximately 40% maximal synthesis occurred 
when the molar ratio N-methylpteroic acid/ 
pteroylglutamic acid was unity for the range 
2x 10-4 to 2 x 10-*m. 

Serine synthesis with leucovorin in place of 
pteroylglutamic acid was at least 100 times less 
sensitive to the analogue (Table 4), although in- 
hibition did occur at the highest concentration it was 
possible to test (2x 10-*m). The limits set by the 
activity of leucovorin and the solubility of the 
inhibitor made it impossible to establish whether the 
relationship was competitive over a significant 
range of concentration. The greater activity of 
leucovorin compared with pteroylglutamic acid in 
overcoming inhibition suggests that the action of 
the methylpteroic acid on serine synthesis is in part 
due to inhibition of the conversion of pteroyl- 
glutamic acid into a form of folic acid similar to, if 
not identical with, leucovorin. The analogue may 
also inhibit the further utilization of leucovorin. 

N-Methylpteroic acid was also used in experi- 
ments similar in principle to those described in the 
previous subsection. First, cells were treated in 
buffered glucose with various concentrations of the 
analogue present and then tested for serine syn- 
thesis in solution S with either pteroylglutamic acid 
or leucovorin. Secondly, cells were first treated with 
pteroylglutamic acid or leucovorin and finally tested 
for serine synthesis in the absence of folic acid but 
with various amounts of the methylpteroic acid 
present. The results (Table 5) show that previous 
treatment with the analogue reduced the ability of 
cells to synthesize serine to less than a half with 
pteroylglutamic acid as source of folic acid, but that 
with leucovorin synthesis was normal. The synthesis 
of serine by cells previously treated with either form 
of folic acid was not inhibited by the methylpteroic 
acid. These facts again are in accord with the view 


Table 4. Effect of N'-methylpteroic acid on synthesis of serine and 
of Leuconostoc citrovorum factor 


Cells at a final concn. of 0-8 mg./ml. incubated 8 hr. in solution S containing pteroylglutamic acid (or leucovorin) and 


N?°-methylpteroic acid at the concentrations shown. 


Serine (a, pmoles/mg. cells) or leucovorin (b, ~»m-moles/mg. cells) 
formed in presence of methylpteroic acid 





Pteroylglutamic 
acid 
(mM) a b a 
0 <0-05 0-001 
[2 x 10-*]* [0-05 0-001]* 
2x10-* 0-70 0-16 
2x 10-5 0-70 0-16 
2 x 10-4 0-71 0-18 


0-30 
0-45 
0-60 


Leucovorin 


2 x 10-*m 0-61 0-59 


2x 10-*m 
A. 


2x10-5m 


-—' 
2x10-*m 
A 


+ 


b 


0-01 
0-02 
0-12 


0-60 


Control with heated cells. 
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that pteroylglutamic acid is converted into a sub- 
stance with similar properties to leucovorin before it 
functions in serine synthesis, and that the analogue 
inhibits such conversion. 

N-Methylpteroic acid, at the concentrations 
carried over, did not affect the serine assay, since 
Im. mesenteroides P60 is relatively insensitive to 
this analogue. This is not the case with aminopterin 
(4-aminopteroylglutamic acid), and the effect of 
this analogue in serine synthesis in the present 
system could not be tested; it is a more potent 
inhibitor of the growth of Strep. faecalis R than the 
methylpteroic acid. 


Effect of cobalamin 


There is some relationship between the functions 
of cobalamin and folic acid in metabolism. Both are 
required, for example, for the conversion of homo- 
cysteine into methionine by Esch. coli and for the 
synthesis of nucleic acid derivatives by certain 
Lactobacilli (see review by Woods, 1952). It has 
been suggested on the basis of experiments with 
cobalamin-deficient animals that it may also be 
concerned with serine formation, though probably 
only in an indirect manner; there is however little 


Table 5. Synthesis of serine by cells previously in- 
cubated with methylpteroic acid, pteroylglutamic 
acid or leucovorin 


Expt. 1: cells (3-5 mg./5 ml.) first incubated 1-5 hr. in 
phosphate buffer, pH 6-9 (0-1m), glucose (0-02m) and 
N-methylpteroic acid (as stated). Cells centrifuged out, 
washed twice with 5 ml. 0-85% (w/v) NaCl and incubated 
7 hr. in 5 ml. solution S containing either pteroylglutamate 
or leucovorin (2 x 10-®). 

Expt. 2: cells (3-7 mg./5 ml.) first incubated 1-5 hr. in 
buffered glucose (as Expt. 1) containing pteroylglutamate 
or leucovorin (2 x 10-*m). Cells washed as in Expt. 1 and 
incubated 8 hr. in 5 ml. solution S containing the stated 
concn. of N!°-methylpteroic acid, but no pteroylglutamate. 


L-Serine (umoles/mg. 
cells) formed in 
second incubation: 
With 
(during second incubation) 
Gxt. A, 

Pteroyl- 
glutamate Leucovorin 
0 0-52 0-51 
2x 10-6 0-25 0-49 
10-5 0-16 0-51 
10-4 0-15 0-48 


Second incubation With 
(during first incubation) 


Expt. N°-Methylpteroic acid 
no. (M) present during: 


1 First incubation 


Pteroyl- 
glutamate 
0-54 
0-55 
0-50 
0-51 


Leucovorin 
0-71 
0-70 
0-63 
0-73 
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evidence for this (Arnstein & Neuberger, 1953a; 
Stekol, Hsu, Weiss & Smith, 1953). 

Cobalamin (0-1—0-5yg./ml.) had no effect on 
serine synthesis by cells of Strep. faecalis R in 
complete solution S, and it neither replaced nor 
reduced the requirement for either formate or 
pteroylglutamic acid. Cells incubated in buffered 
glucose with the vitamin had no greater synthetic 
ability. No definite conclusions can be drawn from 
these experiments, since the organism can pre- 
sumably synthesize cobalamin (it does not require 
it for growth) and no attempt had been made to 
render the cells deficient. 


Synthesis of Leuconostoc citrovorum factor 


Work described in previous sections supports the 
view that pteroylglutamic acid does not function 
directly in serine synthesis but must first be trans- 
formed to some leucovorin-like compound. It was 
now found (Fig. 2) that serine synthesis by washed 
cells in solution S was accompanied by conversion of 
part of the pteroylglutamic acid into material sup- 
porting the growth of Im. citrovorum, and therefore 
presumably at least closely related to leucovorin. 

Substrates required. Im. citrovorum factor, like 
serine, was not formed when either pteroylglutamic 
acid, formate or glucose was absent from the 
reaction mixture (Table 1). Glycine and pyridoxal 
(essential for serine synthesis) were not required, 
and were omitted from solution S for the experi- 
ments of Fig. 6 in which the requirement for formate 
and pteroylglutamic acid was explored quanti- 
tatively. Maximum synthesis of Ln. citrovorum 
factor was obtained with about one-fifth of the con- 
centration of formate required for maximum serine 
synthesis (compare Fig. 6 and Fig. 3): the concen- 


0-20 


° 
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(um-moles/mg. cells) 
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Ln. citrovorum factor formed 


° 
eee -6 =. 
Pteroylglutamic acid 
(log. m) 
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(log. ™) 
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Fig. 6. Effect of formate (a) and pteroylglutamic acid (b) on 
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were incubated 8 hr. in buffered glucose (as Table 5) 
containing (a) 2 x 10-*m pteroylglutamic acid and formate 
as shown, and (b) 0-02 formate and pteroylglutamic acid 
as shown. 
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tration of pteroylglutamic acid required was how- 
ever about 5 times greater than for maximum serine 
formation (compare Fig. 6 and Fig. 4). 

Effect of N°-methylpteroic acid. Inhibition of the 
synthesis of Im. citrovorum factor occurred at the 
same order of concentration as with serine and was 
overcome competitively by pteroylglutamic acid 
(Table 4). The results were similar when the simpli- 
fied reaction mixture containing neither glycine nor 
pyridoxal was used. 


Further identification of serine 


The microbiological assay of serine used (Lascelles 
et al. 1954) was designed to obviate interference by 
either Ln. citrovorum factor or high concentrations 
of glycine possibly present in the samples assayed. 
It was desirable, however, to identify serine as the 
product of synthesis by cell suspensions by an 
alternative method. Methods based on periodate 
oxidation were unsatisfactory, since recovery of 
serine added to concentrated samples of the products 
was low and erratic. Chromatography on columns of 
Dowex-50 resin (Moore & Stein, 1951) wassuccessful. 

Columns (0-9 x 15 em.) were packed with Dowex- 
50 (mesh 250-500) buffered with 0-1m sodium 
citrate pH 3-42; elution was with the same buffer 
and at room temperature. Cell suspensions of Strep. 
faecalis R were incubated in solution S with 
(‘experimental’) and without (‘control’) pteroyl- 
glutamic acid. Only traces of serine (by micro- 
biological assay) were formed under the latter con- 
dition, but the major reactants and metabolic 
products (e.g. of glucose) were present. After incu- 
bation, samples were prepared as usual, concen- 
trated tenfold under reduced pressure and brought 
to pH 2-8-3-0 before placing on the columns 
(Moore & Stein, 1951). The distribution of amino-N 
in successive 1 ml. fractions of the eluate was 
determined. 

With ‘experimental’ samples the amino-N 
pattern (Fig. 7a) corresponded to that given by 
a mixture of pure serine and glycine at the expected 
concentrations (Fig. 7b). ‘Control’ samples showed 
only glycine (Fig. 7a). When DL-serine was added 
to ‘control’ samples the distribution of amino-N 
corresponded to that given by ‘experimental’ 
samples (Fig. 7c). Microbiological assays were 
carried out with the serine fractions obtained from 
the columns; the values for serine were in close 
agreement with those given by the ninhydrin 
method. 

Quantitative recovery of serine from the columns 
was not, however, achieved; this was so both for 
pure serine and that present in samples. The total 
serine found in the combined serine fractions from 
‘experimental’ samples was 45-50 % of that added 
as determined by microbiological assay. The 
percentage recovery of pure serine added to 
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‘control’ samples was the same (Fig. 7). The 
recovery of serine from mixtures of pure serine and 
glycine was slightly higher (70%). The reason for 
these incomplete recoveries is not known, but it is 
at least certain that the major part of material 
estimated as serine by the microbiological assay is in 
fact serine. 
Growth experiments 


A basal medium (F’) was chosen which supported 
growth of Strep. faecalis R in the absence of pteroyl- 
glutamic acid and pyridoxal when both serine and 
glycine (each 10-*m) were added; growth was, 
however, improved by pteroylglutamic acid. When 
serine was omitted there was little or no growth 
unless the glycine concentration was increased 
tenfold; furthermore, such growth was absolutely 
dependent on both pteroylglutamic acid and 
pyridoxal (Table 6). Addition of formate to the 
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Fig. 7. Identification of serine by chromatography on 
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(+) samples containing respectively 1-6 and 0-08 pmoles 
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medium neither permitted growth in the absence of 
serine (glycine present) nor reduced the amount of 
serine required. 

Assuming that the protein of the cells contains 
serine, these experiments show that growing 
cultures are also able to synthesize serine from 
glycine by a reaction dependent upon pteroyl- 
glutamic acid and pyridoxal; they give no indica- 
tion of the source of the one-carbon residue, which 
must be derived from glucose or some other con- 
stituent of the medium. 


DISCUSSION 


Substrates. A high concentration of glycine 
(002m) was required for optimum synthesis of 
serine by cell suspensions of Strep. faecalis R. Only 
about 5% of the glycine-N was converted into 
serine-N ; since the remainder of the glycine could 
be recovered (microbiological assay with Im. 
mesenteroides P 60) the need for this excess was not 
due to destruction by the organism. It is possible 
that some derivative or metabolic product rather 
than glycine itself condenses with a one-carbon 
residue to yield a three-carbon precursor of serine; 
the function of pyridoxal may be at this step (see 
below). 

If formate is presumed to be the only source of the 
one-carbon unit, then approximately 50% is con- 
verted into serine. Available sources of the one- 
carbon unit appear to be more limited with Strep. 
faecalis R. than with animal tissues, though it must 
be remembered that actual increment in serine was 
not shown with the latter. Formaldehyde, glycine 
and other one-carbon donors active in isotope 
exhange experiments with animal tissues were 
inactive in the present system. On the grounds of 
the greater requirement for 6:8-dimercaptooctanoic 
acid (as well as pteroylglutamic acid) for growth of 
Tetrahymena pyriformis W in the absence of serine, 
Kidder (1953) has suggested that pyruvate may 
give rise directly to an active one-carbon residue 
(formyl CoF) as well as to acetyl CoA; pyruvate was 
however less active than formate in our experiments 
with Strep. faecalis R. 

Formate is also required for the synthesis of Im. 
citrovorum factor from pteroylglutamic acid by the 
test organism. If this is a necessary step for the 
function of the latter compound in serine synthesis 
(see below), then formate may be required only for 
this reaction and not as the bulk source of one- 
carbon residues. Against this it was found (a) that 
a higher concentration of formate was required for 
the synthesis of serine than of In. citrovorum factor, 
and (b) that formate was still required when 
leucovorin replaced pteroylglutamic acid as source 
of folic acid. 

With growing cultures of Strep. faecalis R 
exogenous formate is not required for the synthesis 


SYNTHESIS OF SERINE BY STREP. FAECALIS R 





495 


of serine from glycine; the one-carbon residue must 
come here either from some constituent of the 
growth medium other than glucose, or result from 
a changed glucose metabolism (compared with cell 
suspensions) caused by such a constituent: this 
matter is being pursued. The utilization of formate 
as one-carbon donor for serine synthesis by cell 
suspensions would require the presence of a 
hydrogen donor system. This may account for the 
requirement for glucose, the metabolism of which 
may also act as source of energy for the conden- 
sation. 

Vitamin B,. Both cell suspensions and growing 
cultures of Strep. faecalis R require pyridoxal 
absolutely for the formation of serine from glycine. 
The experiments of Deodhar & Sakami (1953) 
indicate a similar function in chicken liver, but in 
recent work with partially purified extracts of 
pigeon liver, Kisliuk & Sakami (1954) and Blakley 
(1954) have found no stimulation by pyridoxal 
phosphate; the former authors suggest that this 
coenzyme may be strongly bound to the protein. 

Metzler, Longenecker & Snell (1954) have 
obtained a non-enzymic synthesis of serine by 
heating together glycine, formaldehyde, pyridoxal 
and metal ions (e.g. Al*+); they propose an initial 
combination of glycine and pyridoxal with forma- 
tion of a Schiff base which then reacts further with 
formaldehyde. If, as they also suggest, the enzymic 
mechanism is similar—an attractive hypothesis— 
the high concentration of glycine required may be 
due to a relatively low affinity of glycine for 
prosthetic groups containing pyridoxal or its 
phosphate ester. With organisms which do not 
require exogenous glycine for growth the Schiff 
base may be available as an intermediate formed in 
glycine biosynthesis. 

Folic acid. The experiments with cell suspensions 
of Strep. faecalis R confirm the less direct evidence 
from work with growing cultures of various micro- 
organisms that some form of folic acid is required for 
serine synthesis at a stage at which a one-carbon 
unit is added. Similar observations have been made 
in this laboratory with cell suspensions of In. 
mesenteroides P 60 and Saccharomyces cerevisiae Y 47 
(M. J. Cross and P. M. Meadow, unpublished work). 

Although pteroylglutamic acid is as active as 
any other pteridine derivative tested with untreated 
cells, several other results point to a reduced and 
formylated compound (akin to leucovorin) as the 
substance with coenzyme-like activity: (1) Cells 
first treated with pteroylglutamic acid plus formate 
or with leucovorin synthesize serine rather more 
actively than those treated with pteroylglutamic 
acid alone. (2) Synthesis of serine is accompanied 
by conversion of part of the pteroylglutamic acid 
into Im. citrovorum factor and both processes are 
inhibited by N’°-methylpteroic acid. (3) Synthesis 
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of serine is much less sensitive to inhibition by this 
analogue when leucovorin is used in place of 
pteroylglutamic acid. (4) Synthesis by cells first 
treated as in (1) is unaffected by the analogue. 
(5) With cells first treated with the analogue syn- 
thesis is normal with leucovorin but reduced with 
pteroylglutamic acid. 

There is nd evidence, however, from our experi- 
ments that the active form of folic acid is leucovorin 
itself, although it has a number of similar pro- 
perties. Indeed leucovorin has been consistently 
less active than pteroylglutamic acid (with or 
without formate) under comparable conditions 
(e.g. Table 2, Fig. 5). The material synthesized con- 
currently with serine gave an almost identical 
growth response with In. citrovorum (Fig. 1b), but 
unknown higher forms of folic acid may behave 
similarly. Tetrahydropteroylglutamic acid has 
2-5 % of the activity of leucovorin for this organism 
(Broquist, Fahrenbach, Brockman, Stokstad & 
Jukes, 1951), but the stability of the material in the 
present samples to storage without anaerobic 
precautions and to heat (they were autoclaved in 
the assay medium) makes it unlikely that it was this 
substance. 

Synthesis of Im. citrovorum factor from pteroyl- 
glutamic acid and formate has also been shown 
recently by Broquist, Kohler, Hutchison & 
Burchenal (1953) with cell suspensions of Strep. 
faecalis R and an amethopterin-resistant strain 
derived from it, and by Nichol (1954) with cell 
suspensions and cell-free extracts of the same 
organisms. In this work serine was found to replace 
formate as one-carbon donor. As in the present 
work, Nichol (1954) found the synthesis to be much 
increased by glucose and inhibited by a folic acid 
analogue (aminopterin). We also find that formate is 
still required for synthesis by the normal strain 
from N-formylpteroylglutamic acid and N?- 
formylpteroic acid; with their resistant organism 
Broquist et al. (1953) report the same thing with the 
former compound and with tetrahydropteroyl- 
glutamic acid. It is clear that formate has some 
function besides the provision of the formyl group. 

Very recently Blakley (1954) and Kisliuk & 
Sakami (1954) have published brief accounts of 
important work in which it is shown that tetra- 
hydropteroylglutamic acid activates the intercon- 
version of glycine and serine by partially purified 
cell-free extracts of pigeon liver in conditions where 
both pteroylglutamic acid and leucovorin are 
inactive or much less active. Kisliuk & Sakami 
suggest that N>-hydroxymethyltetrahydropteroyl- 
glutamic acid, or a derivative, rather than leuco- 
vorin, is the immediate source of the one-carbon 
unit in serine synthesis. Blakley envisages the 
possibility that tetrahydropteroylglutamic acid 
combines reversibly with formaldehyde with ring 
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formation to an imidazolidine derivative with a 
methyl group linking N® to N. Either of these 
two possibilities is certainly compatible with our 
experiments, which indicate that leucovorin js 
unlikely to be the actual coenzyme for serine 
synthesis by Strep. faecalis R. Another recent brief 
report (Greenberg, 1954) is also of great importance 
in relation to the form of folic acid active in cell 
metabolism. Leucovorin was much less effective 
than yeast or liver extract for the activation of 
a purified pigeon liver extract which catalysed the 
formation of inosine 5-phosphate from formate and 
5 - aminoglyoxaline - 4 - carbonamide - 5’ - phospho- 
ribitide. Incubation of the enzyme with adenosine 
triphosphate and either leucovorin or tetrahydro- 
pteroylglutamic acid plus formate gave a substance 
which was more active than yeast extract and 
which donated a one-carbon residue directly to the 
carbonamide; the chemical nature of this substance 
is not yet known. 


SUMMARY 


1. Cells of Streptococcus faecalis R, harvested 
from a medium deficient in folic acid and vitamin 
B,, synthesized serine when incubated in a buffered 
mixture of glycine, formate, glucose, pyridoxal and 
pteroylglutamic acid. The omission of any one of 
these substances reduced serine formation to one- 
tenth or less. 

2. Serine was estimated by specific microbio- 
logical assay; it was further identified in typical 
experiments by chromatography on Dowex resin. 

3. Formate was not replaced by other substances 
active as one-carbon donors with animal tissues. 

4. N® - Formy] - 5:6:7:8 - tetrahydropteroylglu- 
tamic acid (leucovorin) and N?1°-formylpteroyl- 
glutamic acid replaced pteroylglutamic acid, 
though the former was somewhat less active. 

5. Cells first treated in buffered glucose with 
leucovorin or with pteroylglutamic acid plus for- 
mate (and then washed) had rather greater synthetic 
ability than cells similarly treated with pteroyl- 
glutamic acid alone; such synthesis was no longer 
dependent on added folic acid. 

6. A Leuconostoc citrovorum factor was formed 
concurrently with serine in the complete system. 
Glycine and pyridoxal were not required for this 
synthesis. 

7. Synthesis of both serine and Im. citrovorum 
factor was inhibited (competitively with pteroyl- 
glutamic acid) by N°-methylpteroic acid. Serine 
formation by cells first treated with leucovorin or 
pteroylglutamic acid plus formate was insensitive to 
the analogue as was also that of untreated cells 
when leucovorin replaced pteroylglutamie acid in 
the test system. : 

8. It is concluded that pteroylglutamic acid is 
transformed to a form of folic acid similar to but 
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probably not identical with leucovorin before it is 
active in serine synthesis by this organism. 

9. Serine is required for growth of Strep. faecalis 
R on a medium not containing folic acid or vitamin 
B, ; it can be replaced by glycine (at high concentra- 
tion) only if sources of these vitamins are added, but 
formate is not required. 


We are grateful to Sir Rudolph Peters for his interest in 
this work and to our colleague Mr M. J. Cross for helpful 
discussion and for carrying out the tests on the replacement 
of formate by pyruvate. 
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Hippuric Acid Synthesis in Man after the 
Administration of [«-“C]Glycine 


By N. I. BERLIN, C. HEWITT ann C. LOTZ 
Section on Research Medicine, Donner Laboratory and Donner Pavilion, 
University of California, Berkeley 


(Received 13 May 1954) 


Previous studies from this laboratory have reported 
the excretion of !4C in the breath (Berlin, Tolbert & 
Lawrence, 1951) and urine (Berlin, Tolbert & Lee, 
1953) following the intravenous injection of «- 
labelled glycine; autopsy data on the “C content of 
the tissues at various intervals up to 525 days after 
administration have also been given (Berlin, 
Tolbert & Lotz, 1952). These studies have demon- 
strated that approximately 98% of the admin- 
istered 4C can be accounted for in the breath and 
urine. These studies did not give any information 
regarding the specific activity of the various glycine 
fractions in the body. 

In studying the incorporation in man of glycine 
into haemoglobin either with *N (Shemin & Ritten- 
berg, 1946) or 14C (Berlin, Lawrence & Lee, 1951) 
it has been found that in the latter part of the 
curve, i.e. after approximately 150 days, there is an 
isotope content corresponding to about 10-15 % of 
the plateau level and that the specific activity in this 
tail portion of the curve decreases slowly with time. 
In the interpretation of this tail portion of the curve 
it is important to know if there is sufficient label 
(®N or 14C) present in haemoglobin precursors to 
account for a significant fraction of the observed 
haemoglobin specific activity, or if this persistence 
of label in the haemoglobin is due to re-utilization of 
the catabolic products of haemoglobin. The present 
study was designed to test the first hypothesis. 

Arnstein & Neuberger (1951) have reviewed the 
literature on the in vivo synthesis of hippuric acid, 
and as a result of their experiments concluded that 
in the rat about 10 mg. of free glycine/100 g. body 
weight is immediately available for conjugation 
with benzoate. They also showed that when the time 
interval between glycine and benzoate administra- 
tion was at least 6 hr., the isotope content of the 
hippuric acid was independent of the dose of sodium 
benzoate used. Though similar data are not avail- 
able for man, it would seem likely that the isotope 
content of the hippuric acid after the administration 
of a small dose of sodium benzoate would give an 
approximate measure of the isotope content of the 
free glycine at that time. 


EXPERIMENTAL 


Three patients (two with lymphoblastoma and one with 
aplastic anaemia) were given [a«-“C]glycine (1000, 
approx. 8 mg.). Later they were given orally 1-5 g. of sodium 
benzoate and the urine was collected during the ensuing 
4 hr. This dose and the time after the administration of the 
glycine were such that, based on the data of Arnstein & 
Neuberger (1951), it was unlikely that the size of the dose of 
sodium benzoate was a significant factor affecting the isotope 
content of the hippuric acid. 

For the isolation of the hippuric acid, urine (150 ml.) was 
made acid to litmus, then NaCl (45 g.) was added and the 
mixture heated until the salt was dissolved. After cooling, 
6N-H,SO, was added until the solution was acid to congo 
red. After standing overnight the solution was filtered. The 
precipitate was dissolved in 100 ml. of boiling water and 
made alkaline to litmus. Charcoal was added, the solution 
boiled and filtered while hot. Then the solution was acidified 
with 6N-H,SO, and concentrated to 30 ml. The precipitate 
which formed was dried at 40-50° and then recrystallized 
twice. The m.p. of the product, was unchanged by ad- 
mixture with authentic hippuric acid. (Found: C, 60-38; 
H, 5-18. Cale. for C,H,O,N: C, 60-28; H, 5-06%.) For 
separation of the glycine moiety the hippuric acid was 
hydrolysed by refluxing with 2N-KOH for 4 hr. The benzoic 
acid was precipitated with 2N-H,SO, and removed by 
continuous extraction with ether for 6-8 hr. The aqueous 
solution was considered to contain no other organic material 
besides glycine. 

For determination of the relative labelling of the carboxyl 
and methylene carbon atoms of the glycine moiety the 
hippuric acid was hydrolysed with 2N-KOH and the glycine 
decarboxylated with ninhydrin according to the method of 
Van Slyke, Dillon, MacFayden & Hamilton (1941) and the 
evolved CO, collected in NaOH. 

Although the ratio of specific activities of haemin carbon/ 
haemoglobin carbon was not measured in these three 
patients, thirty-four measurements in four individuals with 
polycythemia vera have been carried out giving an average 
ratio of 6-28 +.0-29 (s.£.m.). Individual averages were 5-77, 
6-23, 6-29 and 6-74. In thirty measurements on three pigs 
the ratio averaged 6-25 (individual pig averages 6-25, 6-25 
and 6-54) (Cartwright & Berlin, to be published). In five 
measurements done on two groups of rats (four normal and 
three anaemic rats) Altman, Casarett, Masters, Noonan & 
Salomon (1948) found after administration of [a-“C]glycine 
that the haemin carbon/haemoglobin carbon specific 
activity ratio averaged 6-78. It is then not unreasonable to 
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Fig. 1a-c. The specific activities of the hippuric acid excreted by patients W, F and G. The two straight lines 
in each figure represent the two rate processes (for method of analysis see text). 
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suppose that the ratio observed in patients with poly- 
cythemia vera will also hold for the present study since it 
largely reflects the relative incorporation of glycine into 
haemin and globin and the conversion of glycine into serine 
and incorporation of the latter into globin. 

For measurement of the specific activity the compounds 
were converted into BaCO, by the method of Van Slyke & 
Folch (1940). The BaCO, was then converted into CO, and 
introduced into a 100 ml. ionization chamber operating at 
atmospheric pressure. A vibrating reed electrometer and 
a recording potentiometer were used to measure the rate of 
voltage change in the ionization chamber. In an ionization 
chamber of this size the sensitivity is 0-02 disintegrations/ 
min./mg. BaCO, (Tolbert & Baker, to be published). 


RESULTS 


Fig. 1a-c shows the specific activity of the excreted 
hippuric acid in the three patients. The specific 
activity decreases sharply during the first 30 days 
and then slowly during the remaining period of 
observation. A convenient method of analysis and 
mathematical description of these curves is to 
assume that they represent two first-order pro- 
cesses. The graphical method of analysis is carried 
out by fitting the data after approximately 50 days 
to a straight line, which represents the rate for the 
slowest observable process. This line is then extra- 
polated to zero time, and the line representing the 
rate of the fast process is obtained by subtracting 
from the experimental data the contribution due to 
the slow process. (This is the same method as is used 
in the graphical analysis of two radioactive isotopes). 
Because 4 hr. are required for the collection 
of hippuric acid and because small additional 
quantities of hippuric acid will be excreted after 
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this time, several discrete repeat determinations 
during the first and second days are not possible, and 
the curve for the first 2 days for the 4C content of 
the hippuric acid cannot be compared with that 
of the respiratory “CO,. In such an analysis it is 
found that the two components have half-times 
averaging 6-8 and 75 days respectively. Table 1 
shows, in addition to the calculated half-times for 
the components of the hippuric acid #4C content, the 
half-times obtained by a similar method of analysis 
for the two slowest breath components of respir- 
atory “CO, (Berlin, Tolbert & Lawrence, 1951; 
Berlin & Tolbert, to be published). It is readily 
seen that in each individual there is close agreement 
between the observed half-times for the slowest 
two components of the breath “CO, and the 
corresponding hippuric acid 4C component. This 
indicates that the breath 14CO, was in large measure 
derived from free glycine present at any given time. 

The relative labelling of the carboxyl and methy- 
lene carbon atoms is shown in Table 2, from which 


Table 1. The half-times for the components of hip- 
puric acid 4C content and for components III and 
IV of the breath *CO, excretion 


For nature of the components see text. Half-times are 
expressed in days. 

Hippuric acid 

component component 

ae D aS 

I II Il IV 

Patient F 4-5 58 4-5 52 

Patient G 8-0 105 7-5 117 

Patient W 8-0 63 7-0 57 

Average 6-8 75 6-3 75 


Breath 


The relative labelling of the carboxyl and methylene carbon atoms 


of the glycine moiety of hippuric acid in patient W 
Specific activity (+ probable error of the instrument) is expressed as disintegrations/min./mg. BaCO,. There was no 
significant percentage of '4C in the carboxyl group of hippuric acid between days 22 and 71. 


Specific activity of 


Day after oo 
administration Hippuric acid 
0 217* 
1 11-3+0-02 
5 4-47+0-02 
15 1-744+0-02 
1-04+0-02 
29 0-803 + 0-03 
43 0-579 40-03 
0-484+0-02 
62 0-306 + 0-03 
64 0-391 +0-03 
71 0-227 + 0-024 
85 0-201 +0-04 
92 0-213 + 0-026 
0-175 +0-027 
0-212+0-04 
0-156 + 0-066 
0-091 +0-026 
0-130 + 0-036 


Percentage of 
4C in carboxyl 
group of 
Carboxyl group hippuric acid 

55-35+0-01 2-8 
2-64+0-074 2: 

0-675 +0-112 
0-231 +0-09 
0-127 +0-084 
0-119+0-14 
0-173 40-08 
0-059 +0-07 
0-185+0-16 
0-087 40-12 
0-144+0-116 
0-280 +0-104 
0-203 + 0-07 
0-555 + 0-08 
0-134+0:15 
0-014+0-18 
0-07 + 0-06 
None 


* Counted on an end-window Geiger-Miiller tube. 
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it is seen that in the first four samples there is a 
significant labelling of the carboxyl carbon atom to 
the extent of 1-5-2-8% of the total hippuric acid 
activity. It is not until the samples taken on the 
85th, 92nd and 106th days after administration that 
the specific activity of the carboxyl carbon atom is 
again sufficiently above the limits of sensitivity to 
be significant, at which time 10-5—35-2 % of the “C 
is in the carboxy] position. It is also at this time that 
the red cells which have a relatively large “C 
content are being destroyed (see Fig. 2). This 
labelling of the carboxyl carbon atom probably 
arises from the initial labelling of the carboxyl 
carbon atom by CO, fixation during the first few 
days after the administration of the labelled glycine 
and subsequent incorporation of the carboxy]l- 
labelled glycine into globin. Then, upon catabolism 
of haemoglobin, free glycine which is labelled in the 
carboxyl position becomes available for hippuric 
acid synthesis. As was anticipated the benzoic acid 
did not contain MC, 

Fig. 2 shows the specific activity of the haemo- 
globin of these three patients. In patients F and G 
the red-cell life may be estimated by the method of 
Shemin & Rittenberg (1946) as 105 and 112 days 
respectively. In patient W an accurate estimate 
cannot be made because of numerous transfusions; 
however, the decrease in the C content of the 
haemoglobin between the 80th and 100th days 
suggests a life span of the red cell in this patient 
that is somewhat shorter than normal. 


DISCUSSION 


All previous interpretations of the curve depicting 
the isotope content of the haemin were based on the 
assumption that after 20-30 days the isotope 
content of the haemoglobin precursors was neg- 
ligible. The present study shows clearly that this 
assumption is not valid. 

If the observations on rats obtained by Arnstein & 
Neuberger (1951) can be quantitatively applied to 
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Fig. 2. The specific activity of the haemoglobin in patient 


F (A), patient W (CO) and patient @ ([D). 
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man, the dose of sodium benzoate and the time after 
the administration of the glycine should not 
appreciably affect the isotope content of the hippuric 
acid. However, other data on a patient with 
porphyria suggest that a higher dose of sodium 
benzoate (3 g.) than the one used in the present 
work (1-5 g.) will lower the isotope content of the 
hippuric acid, presumably by stimulating the 
formation of glycine (Gray & Neuberger, 1950). If 
this also occurs with the dose of sodium benzoate 
used in the present work, the isotope content of the 
free glycine may be higher than that of the glycine 
moiety of the hippuric acid measured. 

Eight of the thirty-four carbon atoms of haemin 
are derived from the «-carbon atom of glycine 
(Muir & Neuberger, 1950; Radin, Rittenberg & 
Shemin, 1950); thus the specific activity of the 
haemin should be 3;ths that of the «-carbon atom of 
the glycine available for haemin synthesis, if no 
other haemin precursor contained a significant 
amount of !4C. The other simple direct precursor of 
haemin is succinate (Shemin & Kumin, 1952) of 
which both the carboxyl and methylene groups are 
used. It is unlikely that a large amount of “C will 
enter the haemin through succinate in the present 
study owing to the large pool size of the tricarboxylic 
acid cycle intermediates. 

The degree to which the observed haemoglobin 
specific activity curve may be affected by this 
persistence of labelled glycine can be calculated by 
making certain assumptions. At any time more than 
10 days after the administration of the labelled 
glycine the isotope content of the haemoglobin may 
be divided into two fractions, (1) that which was 
incorporated into haemoglobin within the first few 
days after administration, and (2) that which is 
present as a result of the continual synthesis of 
labelled haemoglobin from labelled glycine. If it is 
assumed that the entire activity of the hippuric acid 
is in the methylene carbon atom of the glycine 
moiety, that the rate of production of red cells is 
constant and that only the eight carbon atoms of 
haemin which are specifically derived from the 
a-carbon atom of glycine contain C, then the con- 
tribution to the observed isotope content of haemo- 
globin may be evaluated by determining the average 
specific activity of the persisting labelled glycine 
between 10 days after administration and the date 
of observation. Since the rate of decrease of the 
specific activity of the hippuric acid may be 
described in terms of two exponential components, 
the contribution of each to the observed specific 
activity may be evaluated by integrating between 
the date of measurement and 10 days after the 
administration of the glycine up to 140 daysand after 
140 days between the date of measurement minus 
the observed red-cell life span. This relatively 
simple treatment neglects the distribution of the 
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cell lives about the mean, but is sufficient for the 
present purpose. The mean specific activity of the 
hippuric acid will be 
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where No, and No, represent the values of 
components I and II extrapolated to zero time, 
and k, and k, the decay constants for com- 
ponents I and II of the decrease in hippuric acid 
14C content. 

Fig. 3 shows a comparison between the observed 
specific activity of the haemoglobin and a curve 
depicting the specific activity of the haemoglobin 
synthesized up to 10 days after administration of the 
labelled glycine. This latter curve was obtained by 
subtracting from the observed specific activity of 
the haemoglobin the value calculated, as above, for 
the specific activity of the haemoglobin present at 
any time and synthesized more than 10 days after 
administration of the labelled glycine. This shows 
that the true mean red-cell life span is probably at 
least a few days shorter than when calculated from 
the curve of the observed specific activity, and that 
to a large degree the tail portion of the curve is due 
to continual synthesis of labelled haemoglobin. 
This figure also shows the specific activity of the 
newly synthesized haemoglobin at any given time as 
calculated from the observed hippuric acid specific 
activity. These show that by 250 days the observed 
haemoglobin specific activity is almost, if not 
entirely, due to synthesis of haemoglobin from 
persisting precursors. In this patient (G) 96 % of the 
observed !4C in the haemoglobin can be shown to be 
due to this process. At 200 days in patient F 55% 
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Fig. 3. The specific activity of the haemoglobin in patient 
G (A), together with the calculated value for specific 
activity of the haemoglobin after correction for the 
haemoglobin synthesized after 10 days ((]) and the 
specific activity of the newly synthesized haemoglobin 
(O) as calculated from the observed hippuric acid isotope 
content. 
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of the observed C in the haemoglobin can also be 
accounted for in this way. This figure also indicates | st 
that the prolonged uptake of #C by haemoglobin | pé 
is due to synthesis of labelled haemoglobin more 
than 10 days after administration of the glycine. | gl 
In patient W, who had an aplastic anaemia, an | th 
accurate determination of the isotope content ofthe  p¢ 
haemoglobin synthesized is not possible because the 0! 
circulating haemoglobin contains large amounts of | 
transfused haemoglobin. Even ifthe isotope content — tl 
of this patient’s own haemoglobin could be deter- gl 
mined, the variation in the frequency of trans- | ti 
fusions makes it difficult to assume a constant rate} 
of haemoglobin synthesis. al 

In these calculations it is assumed that the is 
isotope content of the hippuric acid is a precise 
measure of that of the free glycine available for 
haemoglobin synthesis. Since the actual figure for 

the isotope content of the free glycine may be higher 
than indicated by hippuric acid (Gray & Neuberger, | fc 
1950), this correction is a minimum and it is| 
possible that when more accurate data on the free gl 
glycine specific activity become available the tail 
portion of the curve will be shown to be entirely due |_ tl 
to synthesis of haemoglobin long after administra- | © 
tion of the glycine. Further investigations along| © 
this line would necessitate a systematic degradation 
of haemin to determine the specific activity of the | W 
carbon atoms not specifically derived from glycine. | 
It is not likely that this will be significant but it 
nevertheless should be investigated. | a 

From the present study it appears that there is an | a 

appreciable concentration of “C in the «-carbon| 8 
atom of glycine up to 260 days after administration. 
Studies of the *N content of stercobilin after feeding | © 
[}5N]glycine show that there is a large incorporation g 
of N in the first few days after feeding and that the 
15N level in the stercobilin then falls to a low but 
measurable level to rise again at the time of the 
breakdown of the red cells formed at the time of the 
glycine feeding (Gray, Neuberger & Sneath, 1950; 
London, West, Shemin & Rittenberg, 1950). In the 
intervening period, i.e. between the two peaks in the 
15N content of the stercobilin this small but measur- 
able continuous excretion of [#5N]stercobilin could | 
arise from (a) the catabolism of haemoglobin | 
implying a small but definite destruction of red cells | 
containing [!*N]Jhaemoglobin or (b) the catabolism 
of haemoglobin in intact red cells, or (c) the in- 
corporation of the N into stercobilin by the same 
process that gives rise to the first peak in the »N 
content of the stercobilin, the “N being derived 
from the same pool of free glycine as is available for 
hippuric acid synthesis. The data from this study 
lend support to the hypothesis that the incorpora- 
tion between 20 and 80 days arises at least in part 
from persisting [15N]glycine, but we cannot exclude 
either of the other two possibilities. 
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Because the haemin carbon/haemoglobin carbon 
specific activity ratio was not measured in these 
patients and because the hippuric acid “C content 
may be lower than the '4C content of the free plasma 

glycine, only general deductions can be made, and 
the calculations as made above on the effect of the 
persistence of labelled glycine on the isotopic content 
of the haemoglobin are only approximate. This does 
not, however, negate the general conclusion that 
there is a continual synthesis of labelled haemo- 
globin from labelled glycine, long after administra- 
tion of the labelled glycine and that this continual 
synthesis can account for a large part and possibly 
all of the tail portion of the curve depicting the 
isotope content of haemoglobin. 


SUMMARY 


1. The specific activity of the glycine available 
for conjugation with benzoate has been determined 
in three persons after the administration of labelled 
glycine. 

2. The rate of decrease of the specific activity of 
the hippuric acid can be described in terms of two 
exponential components having average half-times 
of 6-8 and 75 days. 

3. The rates for these two components agree well 
with the rates of the two slowest components of the 
breath CO, excretion. 

4, The observed specific activity of the hippuric 
acid was almost entirely confined to the «-carbon 


| atom of the glycine moiety except during the period 


85-106 days after administration. 

5. It is concluded that the tail portion of the 
curve of the specific activity of haemin or haemo- 
globin could be due, in large measure if not entirely, 


HIPPURIC ACID SYNTHESIS IN MAN 


503 


to the continual formation of red cells containing 
MC derived from persisting labelled glycine and is 
probably not due to a population of red cells having 
life spans far in excess of about 120 days. 
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Preparation of “P-labelled Adenosine 5’-phosphate, 
Inosine 5’-phosphate and Ribose 5-phosphate 


By L. V. EGGLESTON 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
University of Sheffield 


(Received 1 June 1954) 


In studies on the metabolism of adenosine and 
inosine phosphates it was desirable to use com- 
pounds labelled with **P in the «-phosphate group. 
Ostern & Terszakowec (1937), Ostern, Baranowski 
& Terszakowec (1938), Caputto (1951) and Korn- 
berg & Pricer (1951) have synthesized adenosine 
5’-phosphate (AMP) by incubating adenosine with 
adenosine triphosphate (ATP) in a yeast extract 


(Lebedev juice), according to the reaction: adeno- 
sine + ATP > AMP + ADP (adenosine diphosphate). 
Experiments in this laboratory showed that the 
labile phosphate of ATP readily exchanges with 
inorganic [*?P]phosphate in Lebedev juice without 
added substrate. This has been utilized for the 
preparation of radioactive AMP (AM*P). The 
resultant AM**P, chromatographically homo- 
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geneous, has a very high specific radioactivity and 
can be easily deaminated to form inosine 5’- 


phosphate (IM*®?P), or decomposed with dilute acid 
to form ribose 5-phosphate. 


MATERIALS 


The barium salt of ATP. This was prepared from rabbit 
muscle according to LePage (1949) and analysed by the 
methods of Eggleston & Hems (1952) and Krebs & Hems 
(1953). In solutions of the sodium salt prepared from it the 
percentage distribution of total P was ATP, 72-5; ADP, 
13-5; inorganic phosphate, 14-0. 

Radioactive phosphate. KH,**PO, was obtained in 
aqueous solution from the Atomic Energy Research 
Establishment, Harwell. It was diluted with distilled water 
before use. 

Yeast extract. Fresh brewer’s yeast from a local brewery 
(Wm. Stones Ltd.) was dried in a current of warm air (not 
above 30°). Dry powdered yeast (100 g.) was soaked in 
300 ml. water for 4 days at 4° and then centrifuged. The 
supernatant (Lebedev juice) was stored at -15°; its 
activity showed no diminution after several months. 

Low-phosphate yeast extract. To 6 ml. Lebedev juice were 
added 8 ml. 0-1 M-MgCl, and 4 ml. 0-2mM-NH,Cl at 0° with the 
dropwise addition of approx. 2 ml. N-NH, until the pH was 
7-1-7-2. After standing in ice for 60 min. the precipitate of 
NH,MgPO, was separated by centrifuging at 0° and the 
supernatant stored at — 15°. This treatment decreased the 
total P content by about 80%. 


METHODS 


Paper chromatography. This was carried out as described 
by Krebs & Hems (1953). It was usually necessary to dry 
comparatively large volumes of the solutions to be examined 
on to the starting line of the papers. In these instances the 
sample was transferred to the paper with a finely drawn-out 
Pasteur pipette. Drying was accelerated with hot air from 
a hair drier. In this way 0-1 ml. was dried on to an area of 
1 cm.?, and 1-5-2 ml. could be accumulated on toa 12 x 1 em. 
band in 30-40 min. Trichloroacetic acid (TCA) extracts 
could be used directly in this way without neutralization. 
After completion of the chromatography the papers were 
dried in warm air and then examined under u.v. light from 
a Chromatolite lamp (Hanovia Ltd., Slough, Bucks). 
Absorbent areas of adenosine or inosine phosphates were 
ringed with pencil. The second of the two chromato- 
graphy solvent-mixtures (isobutyric acid-aq. NH, contain- 
ing ethylenediaminetetraacetic acid) was only used once, as 
it became contaminated with radioactivity from the small 
wick of paper dipping into it. 

Phosphorus. Determinations of phosphorus were made 
according to Berenblum & Chain, as described by Eggleston 
& Hems (1952) and Bartley (1953). 

Radioactivity measurements. These were made directly on 
the coloured isobutanol-ethanol solutions from the phos- 
phorus determinations. In some cases extensive dilutions 
with ethanol were necessary. A B-counting tube (liquid type 
M6 of 20th Century Electronics) was used and was washed 
out successively with N-NaOH, water, N-H,SO, and water. 


Radioactive adenosine 5’-phosphate 


When an untreated Lebedev juice was used AM®2P was 
formed and ATP disappeared, but the inorganic phosphate 
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Table 1. Formation of **P-labelled AMP 
in an incubated yeast extract 


See text for experimental details. TCA extract (0-1 ml.) 
was dried on to an area of 1 cm.? on a chromatogram paper 
and separated by the method of Krebs & Hems (1953), 
Only AMP was visible in u.v. light. 

Radioactivity 

P 

content 
(#g-) 
6-19 
2-63 


Found 
(counts/min.) 
7 550 000 
1 056 000 

147 800 
26 900 0-28 
777 320 8-13 


* Includes hexose, pentose and triose phosphates, and 
IMP. 


As % of 
total 
79-00 
11-05 
1-54 


Area on paper 
Inorganic phosphate 
AMP 
ADP 0-98 
ATP 0-76 
Rest of paper* — 


content of the system was so high that the distribution of 
total radioactivity rarely exceeded 1-5% in the AMP. The 
proportion of total radioactivity in the AMP was greatly 
increased when the low-phosphate extract was used. The 
addition of acetate or pyruvate had no effect; fluoride was 
slightly inhibitory. The highest yields of AM**P were 
obtained by using 5 ml. low-phosphate extract, 0-5 ml. 
0-02m ATP, 0:-4ml. 1% (w/v) adenosine, 5 ml. water 
containing 10 mc KH,**PO,. This mixture was shaken for 
4 hr. in air at 20° in an Erlenmeyer flask containing two glass 
beads. After deproteinization with 4 ml. 30% (w/v) TCA, 
the sediment was separated by centrifuging and washed 
with 5 ml. 5% (w/v) TCA. The supernatant extracts were 
combined (19-3 ml.) and stored at — 15°. The result of the 
chromatographic analysis of a 0-1 ml. sample of a typical 
preparation is given in Table 1. 

The specific radioactivity of the AMP (counts/min./ 
pg. P) was usually found to be about 0-3-0-5 of that of the 
inorganic phosphate. This indicates that part of the AMP 
came from the added ATP and ADP, the stable P of which 
does not exchange appreciably with inorganic phosphate. 
In the preparation described in Table 1 the maximum AMP 
expected would have been 4-7 mg. from adenosine and 
3-4 mg. from the ATP-ADP mixture. A total of 5-68 mg. 
AM®?P was found in the whole TCA extract with an activity 
of about 1 mc. Losses were probably due to activity of 
5-nucleotidase and adenylic and adenosine deaminase. 

For the isolation of the AM**P 1-5-2 ml. samples of the 
TCA extract were separated as a band on paper chromato- 
grams. After location in u.v. light the AM**P band was cut 
out, washed in anhydrous ether, cut up into 12 equal pieces 
and stored as such. Each piece contained 33-55 ug. AM*P 
with an activity of 1-2—-1-7 x 106 counts/min. In studies on 
the reactions of nucleotides it was sufficient to drop directly 
into the reaction vessels one or more of these pieces, rather 
than make a preliminary elution of the AM**P with water. 


Radioactive inosine 5’ -phosphate 


Attempts to deaminate the AMP with Schmidt’s 
adenylic deaminase, made according to the two procedures 
of Kalckar (1947), met with variable success. Unless the 
adenylic deaminase was very highly purified it was con- 
taminated by 5-nucleotidase-or some other phosphatase 
which led to the appearance of radioactive inorganic 
phosphate with low yields of IM*P. 
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Deamination with nitrous acid proved more reliable. As 
the addition of NaNO, and acid to the AMP solution made 
the subsequent separation by paper chromatography 
impracticable owing to salt effects, the nitrous acid was 
supplied in gaseous form. Ten pieces of an AM**P band 
(equivalent to 0-4 mg. AMP with an activity of 15 x 10° 
counts/min.) were placed in 10 ml. water in a test tube 
(125 x 16 mm.) with a ground-glass stopper. A fine stream 
of gas generated in a Thunberg tube was passed through the 
solution for 30 min. at room temperature. The Thunberg 
tube contained 1-2 g. solid NaNO, with 1 ml. 12N-HCl in 
the side arm, one drop of the HCl being tipped on to the 
NaNO, at intervals of a few minutes. The test tube was then 
stoppered and kept for 4hr. at 45-50°. After filtration 
through a small cotton-wool plug, the paper pulp was 
washed with small amounts of water. The filtrates were 
combined and concentrated to dryness in vacuo over NaOH 
and excess P,O,. The drying was usually complete in about 
3-4 hr., if the filtrates were in a shallow layer and if the 
P,0, was renewed at least once. The dry material was taken 
up in a few drops of water and separated on paper chro- 
matograms as a 5 cm. band. One spot of the IM*P solution 
with added standard solutions was run simultaneously for 
analysis of radioactivity distribution. The IM**P band was 
located in u.v. light, cut out and washed with anhydrous 
ether. The percentage distribution of total radioactivity on 
the papers was IMP, 80-95; AMP, 0-5-2; inorganic 
phosphate, 2-3; the rest of the radioactivity trailed down the 
paper, chiefly in the ribose phosphate area. As before, it was 
satisfactory to drop pieces of the IM**P band directly into 
reaction vessels for enzyme experiments. 


Radioactive ribose 5-phosphate 


The quantities of AM**P used were too small for the 
method of Marmur, Schlenk & Overland (1951) for the 
preparation of ribose 5-phosphate from AMP and separation 
by paper chromatography was not possible in the presence 
of H,SO, or sulphate. Heating AMP in n-HCl at 100° was 
more satisfactory, although the yields of ribose 5-phosphate 
were not as high as those obtained by Marmur et al. (see 
Table 2). There was also a small loss of ribose 5-phosphate 
during the drying process in vacuo, but the final yields 
(60-70 %) were adequate. 

Table 2. Decomposition of AM**P 
by N-HCl at 100° 


Solutions (1-5 ml.) containing AM*P (0-01m) and HCl 
(x) were heated in a boiling-water bath. Samples with 
a total radioactivity of approx. 10* counts/min. were 
separated by paper chromatography. 


Distribution of radioactivity (% 
A 





Time at — 

100° Ribose 

(min.) AMP Inorganic P _5-phosphate 
0 98-6 0-8 0-6 
10 17-3 3-2 79-5 
20 13-0 7-6 79-4 
30 14-8 21-5 63-7 
60 1-4 39-8 58-8 
10* 7-0 22-4 70-6 


* y-HCl (5 ml.) containing AM**P (10-*m) concentrated 
to dryness in vacuo before separation. 


+ 
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Five to ten pieces of an AM**P band, equivalent to 0-2- 
0-4 mg. and 7-15 x 10® counts/min., were heated in 5 ml. 
Nn-HCl for 10 min. at 100°. After cooling and filtration 
through a small cotton-wool plug the solution was evapor- 
ated to dryness in vacuo over NaOH and excess P,O;. 
Rapid drying was essential to avoid the further breakdown 
of ribose 5-phosphate. With a shallow layer of solution and 
at least one renewal of P,O;, complete dryness was achieved 
in 2-4hr. After dissolving in a few drops of water the 
material was dried on a chromatogram paper as a 3 x 1 cm. 
band in a stream of cold air from a hair drier. One spot of 
the same solution was run simultaneously with added 
standards for analysis of radioactivity distribution. 
Separations were made using only the second of the two 
solvent mixtures (isobutyric acid—aq. NH,-ethylenedi- 
aminetetraacetic acid) of Krebs & Hems (1953), which was 
run with descending flow for 16-18 hr. at room temperature. 
The paper was dried in a current of cold air, then the strip 
containing the standards was cut off and heated for 30 min. 
at 80-100°. Under these conditions ribose and ribose 
5-phosphate become visible as pale brown spots which give 
a yellow fluorescence in u.v. light. Absorbent areas of AMP 
and adenine could also be located in u.v. light. After 
marking all these areas with a pencil the strip was sprayed 
with a molybdate reagent to locate phosphate (Hanes & 
Isherwood, 1949). By means of this standard strip the 
position of the ribose 5-phosphate band, which was invisible 
in daylight or u.v. light, could be located on the unheated 
paper. The position of the band could also be located by 
using an end-window Geiger counter with a small aperture. 
There was usually a little trailing of radioactivity behind the 
ribose 5-phosphate band, but the majority of total activity 
was in the ribose 5-phosphate area indicated by the strip of 
standards. 

The detection of ribose or ribose 5-phosphate as visible 
spots on the standard strips was due to prolonged heat in the 
presence of traces of constituents of the solvent mixture 
remaining in the paper. These constituents, each reacting 
with the sugar, were found to be ammonium isobutyrate and 
ethylenediaminetetraacetic acid. The formation of similar 
compounds, brown in daylight, fluorescent in u.v. light, 
obtained by heating sugars with compounds containing an 
amino (or ammonium) group, is already known (Chargaff, 
Levine & Green, 1948; Graham, Hsu & McGinnis, 1949; 
de Lange & Dekker, 1954). If insufficient solvent remained 
in the papers to give visible spots after heating, the standard 
strip was sprayed with 5% (NH,),SO, in 50% (v/v) aqueous 
ethanol and reheated for 30 min. at 80-100°. 

As the solvent dripped off the lower edge of the papers the 
movements of chromatographic zones are given relative to 
the movement of AMP as follows: ribose 5-phosphate 0-54, 
IMP 0-56, inorganic phosphate 0-66, ribose 0-87, AMP 1-00, 
adenine 1-44. It is obvious that AMP is preferable to 
IMP as the starting material for the preparation of **P- 
labelled ribose 5-phosphate by this method. 

For use in metabolic experiments, pieces of the ribose 
5-phosphate band could be added directly to reaction 
vessels, or if required could be eluted with water and con- 
centrated in vacuo. 


DISCUSSION 
Although a system for the synthesis of AMP similar 


to that in yeast is known to exist in animal tissues 
(Caputto, 1951; Kornberg & Pricer, 1951), con- 
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siderable purification is required before it can be 
demonstrated. Brewer’s yeast extracts, which 
require little further treatment, are therefore very 
convenient for the preparation of AMP. As 
dialysis results in inactivation of these extracts of 
yeast the method used here to decrease phosphate 
content is to be preferred, although treatment with 
such high concentrations of magnesium and 
ammonium chlorides may diminish the activity of 
the enzyme system. 

The concentrations of adenosine (1-4 x 10-*m) 
and ATP (9-1 x 10-4) used in the method described 
are respectively 7 and 1-8 times higher than those 
required for optimum activity of the enzyme 
system (Kornberg & Pricer, 1951), but to use less 
would introduce difficulties in the isolation of the 
final AM*?P which would contain a smaller propor- 
tion of the total radioactivity. 

The chemical isolation of AM*?P from these 
extracts resulted in heavy losses even with added 
carrier AMP, but with the paper-chromatographic 
technique described here the recovery was quanti- 
tative and comparatively simple. 


SUMMARY 


1. A method is described for the preparation of 
82P-labelled adenosine 5’-phosphate in an extract 
of brewer’s yeast. The product is quantitatively 


separated and is chromatographically homo- 
geneous. It has an activity of approximately 


0-2 mc/mg. 


In a series of papers dealing with the long-chain 
constituents of plant and insect waxes it has been 
shown, from evidence based largely on melting 
point and long crystal spacing data, that all the 
saturated, ketonic and hydroxy acids, as also the 
corresponding primary alcohols, contain an even 
number of carbon atoms, whereas the paraffins, 
ketones and secondary alcohols, which are probably 
formed from these respective acids by decarboxyla- 
tion, contain an odd number of carbon atoms 
(Chibnall & Piper, 1934 (for main references); 
Blount, Chibnall & Mangouri, 1937; Chibnall, 
Piper, Mangouri, Williams & Iyengar, 1937). Such 
findings, in so far as they relate to the saturated 
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2. After deamination of this adenosine 5’. 
phosphate with nitrous acid, radioactive inosine 
5’-phosphate, chromatographically pure, can be 
separated in a similar manner. 

3. Radioactive ribose 5-phosphate is obtained by 
heating this adenosine 5’-phosphate in N hydro- 
chloric acid and can be separated by paper chro- 
matography. 
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acids and primary alcohols, bring the wax con- 
stituents into line with those of somewhat shorter 
chain length present in glycerides and similar natural |’ 
products. There is, indeed, an overlap between the 
two sets of components and collectively the com- 
plete series of even-numbered members from C,,) to 
Cs, is represented, suggesting that all of them can be 
regarded as manifestations of the same sequence of 
metabolic events. 

The evidence with respect to the paraffins is 
much less widespread. Chibnall, Piper, Pollard, 
Williams & Sahai (1934) analysed the data then 
available, and concluded that in all cases other than 
the one mentioned below the products that had 
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hitherto been isolated consisted of one or more of 
the odd-numbers from C,, to C,,. The exception 
was rose-petal wax, which had been investigated by 
Prophéte (1926), who showed that the main com- 
ponent was a mixture of hydrocarbons with a 
melting-point of 53-55°, from 7g. of which he 
claimed to have isolated by fractional distillation 
and crystallization the paraffins C,,, Coy, Co, Coe, 
Co3, Cogs Coz, C35. No analyses but only melting and 
boiling points were quoted. For reasons given by 
Chibnall et al. (1934) we did not consider that the 
identification of these paraffins was valid, for the 
amount of material in the various distillates was 
small, and on fractional crystallization the separa- 
tion of several products from each of them was 
claimed. Prophéte’s results, however, did suggest 
that paraffins of chain length shorter than C,; were 
present in this particular wax, which was accord- 
ingly a very suitable one for re-investigation by our 
own procedure. A generous supply of raw material 
having been placed at our disposal by Schimmel and 
Company, the scent manufacturers of Leipzig, we 
have been able to show that the wax contains all the 
odd-number paraffins between C,, and C,,. None of 
the even-number paraffins could be isolated, and it 
seems certain that if they are present at all they 
must be very minor constituents. When, for various 
reasons, the work was interrupted in 1938, a low- 
melting product obtained by steam distillation of 
the residual unsaponifiable material was under 
investigation. A number of fractions has been 
prepared from it by vacuum distillation, and some 
of these are liquid at room temperature. Paraffins of 
chain length shorter than U,, are definitely repre- 
sented, but on account of the existing inadequacy 
of the relevant melting-point, transition-temper- 
ature and crystal-spacing data we have been unable 
to make satisfactory progress in the identification of 
the components by our present procedure. These 
low-melting fractions should be amenable to 
chromatographic methods of analysis. 


EXPERIMENTAL 


The melting points recorded in this paper were obtained by 
the method of Piper ef al. (1931) and are corrected. The 
crystal measurements were all made by the method pre- 
viously described (Piper et al. 1931). This method, employing 
the radiation reflected from a layer of the material, has been 
retained, since much information on purity can be obtained 
by recording as many orders of reflexion as possible (see, 
for example, Piper et al. 1931, p. 2081, fig. 1). Transmission 
powder photographs do not register these reflexions so 
clearly. 


Preliminary fractionation of the crude wax 


The crude wax was a brown, opaque sticky substance 
with a faint odour of rose, indicating the presence of a small 
amount of essential oil. It had a saponification value of 51-9 
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and no definite m.p. On heating it started to liquefy at 53°, 
but the melt did not clear until 70°. The material (500 g.) 
was extracted under reflux with 3-51. of light petroleum 
(b.p. 40-60°), filtered hot through a jacketed filter kept at 
40° and the filtrate allowed to stand at 0° overnight. The 
pale yellow crystalline material which separated was filtered 
off (fraction A ; m.p. 61-5°). On evaporation the filtrate gave 
a sticky residue (fraction B). Fraction A was dissolved in 
1200 ml. of warm ether, 2400 ml. of acetone were added and 
the mixture was kept overnight at 0°. The crystalline mass 
was filtered off, washed with ether, then with acetone, and 
air-dried (fraction C; wt. 220 g.). The filtrate was taken to 
dryness in vacuo (fraction D; wt. 9g.). Fraction B was 
treated in a similar way to give crystalline material (fraction 
E; wt. 146g) and a reddish brown oil (fraction F; wt. 
100 g.). 

Treatment of the wax fractions. Fractions C, D and E were 
first saponified by the procedure of Chibnall ef al. (1934), the 
acids being separated as the calcium soaps. In each case the 
unsaponifiable material was then passed through the 
phthalate treatment of Chibnall, Piper, Pollard, Smith & 
Williams (1931) to remove the primary alcohols, giving 
paraffin fractions G, H and K respectively (Table 1). 

Fraction F was treated somewhat differently. It was 
saponified for 12 hr. in 2 1. of 5% (w/v) ethanolic KOH. The 
major part of the ethanol was next removed by distillation, 
the residue diluted with water and then exhaustively 
extracted with ether. The ethereal solution was washed, the 
solvent removed and the residue taken up in 300 ml. warm 
acetone. The crystalline material that had separated after 
standing for some days at 0° was filtered off and then passed 
through the phthalate treatment to give paraffin fraction L 
(Table 1). As the product recovered from the acetone 
filtrate was a dark brown, very viscous liquid it was decided 
to treat it with phthalic anhydride at room temperature 
(Weidemann, 1926). The material (59 g.) was dissolved in 
freshly distilled pyridine (400 ml.) and phthalic anhydride 
(60 g.) added. The mixture was allowed to stand at room 
temperature for 3 days and poured into 1 |. of dilute HCl, 
which was then brought nearly to the boil. After standing 
for some time at 0° the aqueous solution was siphoned off 
and the residue treated repeatedly with hot water until the 
washings were neutral to litmus. It was then taken up in 
ether at 20° and shaken with aqueous Na,CO,. A small 
amount of primary alcohol separated in the aqueous phase 
as its sodium phthalate. The ethereal solution was drawn off, 
washed with water and the ether removed. The residue was 
taken up in hot ethanol and allowed to stand at 0°, when 
a semi-solid dark brown mass of material separated. This 
was removed and submitted to steam distillation during 
10 working days. The product (12-9 g.) that separated from 
the distillate was a soft paste, and, as mentioned in the 
Introduction, it contained low-melting paraffins that have 
not been fully characterized. The residue in the flask, after 
removal of the water, was transferred to a vacuum still. 
Only avery smallamount ofa coloured oil came over at 120°, 


Table 1. Paraffin fractions from rose-petal wax 


Weight Cc H Melting point 
Fraction  (g.) (%) (%) (°) 
G 140 85-4 14:8 62-0-62-5 
H 87 85-4 14-6 51-5-52-0 
K 4 — — 53-5-54-0 
L 20-5 — — 43-544-0 
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and 0-1 mm., showing that low-boiling paraffins, if present 
in fraction F, had been removed by distillation in steam. 

The fatty acids (89 g.) were recovered in the usual way 
from the calcium soaps, and the primary alcohols (50 g.; 
m.p. 79-82°) from the sodium primary alcohol phthalates. 
Neither fraction has been characterized further. The 500 g. 
of crude wax had thus given 402-4 g. oflong-chain material, 
of which 65-5% was paraffin, 12-4% primary alcohol and 
22-0% fatty acid. Prophéte’s wax was a hard, olive-green 
solid, melting at 61°, which gave 67-2, 13-0 and 19-8 % of the 
above-mentioned products respectively. 


Fractionation of the paraffins 


For the fractionation of the paraffins a special type of 
vacuum still was designed, and we are indebted to Mr J. H. 
Burrow forits construction and for many helpful suggestions. 
This apparatus permitted the establishment of a definite 
reflux ratio, and thermometers suitably placed allowed the 
temperatures of the condenser water and the column to be 
kept under control by suitable variation of the heating rates. 
The condenser was conical in shape with the apex below, and 
the condensed liquid dripped into a small funnel. From here 
it passed down a delivery tube, maintained at a temperature 
high enough to keep it liquid, into a collecting vessel. This 
vessel was provided with six co]lecting tubes, which could be 
rotated in succession below the delivery exit and collect the 
distillate over controlled temperature intervals. A full 
description of the apparatus is given elsewhere (Mangouri, 
1937). 
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Fractional distillation of the paraffins. For brevity, the 
upper limit only of the melting points of the various frae- 
tions, except those in Table 3, will be quoted. Fraction 
(Table 1), on distillation, gave twenty-two fractions. The 
melting points of 1-5 ranged from 47-5 to 58-5°; the re- 
mainder from 60-25 to 67-2°. The still residue, on extraction 
with warm benzene, gave 25 g. melting indistinctly at 67-5°. 
Fractions H and K (Table 1), together with the above- 
mentioned fractions 1-5 (collected wt. 111 g.), on distilla- 
tion gave sixteeen fractions. The melting points of 1-3 
ranged from 44-5 to 48-25°, the remainder from 50-4 to 
60-25°. The still residue, treated as before, gave 5-14g, 
melting at 60-75°. Fraction L (Table 1), together with the 
above-mentioned fractions 1-3 (collected wt. 38-8 g.), gave 
eight fractions melting between 39-5 and 50°, with a residue 
melting at 52°. 

This preliminary separation gave forty-one fractions with 
melting points ranging from 39-5 to 67-5°, and could thus 
between them contain all the paraffins from C,, to Cy. 
When, however, the derived data for an appropriate 
fraction were compared with those of the pure paraffin of 
similar melting point, the transition temperatures were 
always too low and the X-ray photographs much inferior. 
One fraction was exceptional, and was in excellent agree- 
ment with C,,. Clearly the treatment so far applied had not 
been sufficiently exacting. 

For the next series of operations the above-mentioned 
fractions were collected into groups which, on a basis of 
melting point, represented C,;+Cy. (248 g.), Cog +Cy 
(35-2 g.), Co, (40-6 g.), Cos +Cog (32-0 .), Cog +Coy (208.), 


Table 2. Fractions of paraffin tabulated according to their melting point 


Melting Melting Melting 
Fraction Weight point Fraction Weight point Fraction Weight point 
no. (g.) Cj no. (g.) (°) no. (g.-) (°) 
0-71 38-0 32 5-0 53°: 63 7-21 62-75 
0-35 39-25 33 1-27 53-2 64 8-21 63-4 
1-03 40-25 34 2-7 54-2: 65 5-22 63-7 
2-29 41-25 35 3-0 548 66 4-54 63-75 
2-01 41-75 36 2-57 t 67 5-22 63-75 
0-29 41-75 37 3-05 54-75 68 2-66 63-75 
1-47 42-0 38 6-04 55- 69 1-44 64-0 
1-38 42-5 39 5-65 56° 70 2-15 64-25 
1-59 42-75 40 4-14 56-25 71 2-41 64-5 
1-1 43-0 41 2-41 56-25 72 0-62 64-5 
1-39 43-2 42 2-01 56-6 73 1-21 64-75 
0-63 44-8 43 0-45 56-75 74 1-04 65-0 
0-84 45-2 44 0-75 57-0 75 1-80 65-0 
0-74 45-75 45 1-78 57-5 76 1-66 65-25 
1-27 46-25 46 1-71 57-5 a 0-11 65-5 
0-52 47-70 47 2-21 58-0 78 1-53 65-75 
7-2 47-70 48 79 1-44 65-75 
0-9 48-8 49 80 1-88 65-75 
1-1 48-75 50 81 1-15 65:8 
0-4 49-0 51 82 2-89 66-0 
3-0 49-25 52 83 0-56 66-25 
4-08 49-25 53 84 0-69 66-40 
3-93 49-75 54 85 0-20 66-75 
2-4 50-0 55 86 0-87 67-0 
4:38 50-5 56 87 0-87 68-0 
3°38 50-5 57 88 . 68-5 
1-21 50-5 58 89 “2 68-5 
“DE 51-0 59 90 “g 68-75 
51-75 60 91 . 69-0 
52-0 61 92 ° 69-8 
52-0 52 93 eg 73-2 
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C2, (37-3 g.) and Cy9 with higher members (51-2 g.). Each of 
these were then fractionated in the still. The last group gave 
nineteen fractions, and of these the final six (including the 
residue) gave indistinct melting points between 67-0 and 
68-0°. They were bulked (27-3 g.) treated with H,SO, at 
120° for 2 hr., and the clarified product was submitted to 
fractional crystallization from light petroleum (b.p. 40-60°). 
Fourteen fractions were separated and after repetition of 
the treatment with H,SO, where necessary, the melting 
points of these ranged from 61-25 to 73-2°. The final separa- 
tion achieved is set out in Table 2. 

Only a limited number of these new fractions could be 
given a full analysis, and the samples chosen were such as 
had melting points in fair agreement with those of the odd- 
number and even-number paraffins from C,, to C,,. The 
results are set out in Table 3, together with data for paraffins 
or mixtures of paraffins which have corresponding melting 
points or spacings. 


DISCUSSION 


The data collected in Table 3 are the most compre- 
hensive yet made for a series of fractions obtained 
from a naturally occurring paraffin mixture. The 
constitution we have attributed to the various 
fractions has been derived from the following 
criteria: the melting point, the transition temper- 
atures, the crystal spacing and modification, and 
the number and sharpness of the orders of reflexion. 
As has been shown elsewhere (Piper et al. 1931), 
melting and mixed melting points alone are quite 
inadequate to indicate the purity of a paraffin 
specimen. It has been possible, however, in most 
cases to suggest synthetic mixtures which agree 
quantitatively in behaviour with the fractions listed 
in Table 3. Where two or more mixtures appear 
to agree equally well in melting point, transition 
temperatures, and spacing with the fraction con- 
cerned, the number and sharpness of the orders of 
reflexion have had an important influence in the 
selection of which of these is the most probable 
solution. 

Fraction 4. The absence of a first transition on 
heating and of a second on cooling is in keeping with 
low-melting synthetic paraffins such as C,, and Cy). 
The setting point shows that the fraction contains 
only a small amount of a second paraffin, as also 
does the X-ray photograph, which shows six clear 
orders. The composition is definitely 90 % C., + 10% 
Cy. 

Fraction 12. The melting point suggests C,,, but 
for this even-number paraffin the ‘B’ form with 
a spacing of 28-1A would be the stable one at room 
temperature. The low transition temperatures are 
in keeping with the suggested mixtures of 60% 
C,,+ 40% C,,. The X-ray photograph shows seven 
sharp orders, which actually is better than that 
given by the corresponding C,,—C,,; synthetic 
mixture (Piper et al. 1931). 

Fraction 16. The X-ray photograph shows eight 
clear orders and the product cannot therefore be 
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a gross mixture. All the data are consistent with 
5% C+ 95% Ca. 

Fraction 27. The melting point would suggest that 
this is C,,, but the low transition temperatures and 
the X-ray photograph with five poor orders show 
that it is a mixture. The composition cannot be 
given with certainty and the presence of even- 
number components cannot be excluded. 55% 
C3 + 45 % C,, is a possible suggestion from the poor 
data available. 

Fraction 35. The transition temperatures are 
sharp and the photograph shows six well defined 
orders, strongly suggesting that one paraffin is 
present in predominating amount. All the data are 
in fair agreement with 90% C,;+10% C,,. The 
possible ‘two-even’ mixture would have too high 
a spacing and indefinite transition temperatures, 
while the ‘odd-even’ mixture would have a low 
spacing and transition temperatures that are too 
high. 

Fraction 42. The photograph shows only four poor 
orders and the transition temperatures are in- 
distinct. It is definitely not C,,, but a crude 
mixture of three or more paraffins with C,; and C,, 
as probably major components. 

Fraction 53. The photograph shows six good 
orders and the transition temperatures are sharp. 
The data are consistent with 90% C.,+ 10% Ca, 
with probably a small amount of a third component. 
The possible mixture 40 % Cy, + 60 % C,s has too low 
a spacing, shows only four to five poor orders and 
has transition temperatures that are not sharp. 
The possible odd-even combination has a spacing 
that is too low. 

Fraction 58. The photograph shows six poor orders 
and the transition temperatures are not sharp, 
suggesting a mixture. Possible two-even and even- 
odd combinations give good photographs with 
spacings that are definitely too low. The data are in 
fair agreement with 30% C.,+ 70% Cag. 

Fraction 65. The X-ray photograph shows seven 
good orders. The somewhat low transition temper- 
atures suggest C,, with about 1% of both C,, 
and Cy. 

Fraction 77. The melting point might suggest Cy. 
The indefinite transition temperatures and poor 
X-ray photograph indicate a gross mixture of three 
or more paraffins. Comments given under fraction 
27 apply and the major components are probably 
Cy and C;,. 

Fraction 87. This is a good example of how the 
melting points, transition temperatures and the 
spacings of two-odd and two-even paraffin mixtures 
can fall into agreement, and the decision must rest 
on the character of the X-ray photograph. In this 
case the eight sharp orders definitely exclude the 
two-even combination and the fraction is un- 
doubtedly 85 % Cy, + 15% Cg. 
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Fraction 92. The melting and setting points are 
sharp, and the transition temperatures clear but 
cover a wide range. The photograph shows seven 
poor orders with broad lines. It can be deduced that 
the fraction contains only two paraffins and that 
both are present in fair amount. The derived data 
make it clear that the fraction is probably 40% 
Coy + 60% Cop. 

Fraction 93. The X-ray photograph with four 
fairly sharp orders and the low transition temper- 
atures show that the product is a mixture. The 
data are consistent with 40% C,,+60% C;,;, 
with other components possibly present in small 
amount. 
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General conclusions 


These detailed criticisms of the individual 
fractions permit one to draw the following general 
conclusions : 

(1) In all cases in which the melting-point of the 
fraction suggests a composition close to that of an 
odd-number paraffin (fractions 4, 16, 35, 53, 65 and 
87) the agreement between the melting points, 
transition temperatures, and crystal spacings is 
excellent. The transition temperatures are fairly 
sharp, the ‘cone and glassy structure’ mentioned in 
an earlier paper (Piper et al. 1931) is clearly visible, 
and the X-ray photographs show good clear lines, 


J O@tn eo ~~ & 


~ 


a on 


Table 3. Composition of various paraffin fractions 


Values marked * are extrapolated. 


Fraction no. Transition 
or composition point on 
of synthetic heating 
mixture (°) 


Glassy at room 
temperature 


90% Cy +10% Cz5 = 
12 33-34 


Cos 42-8-43-3 


60% C.,+40% C., 33-34* 
16 35-5-36-5 
5% C1 +95% C,3 36-5* 
5% Coe +45% Coy 39* 
40-4] 
Indistinct 
Co, 46-5-47-0 


55% Co, +45% Cp, 40-0-41-0* 
5% Cop +95% Coy 43-0" 
10% Cys + 90% Cog — 


35 43-0-43-5 
e 47-0* 
90% C,,+10% C,, 45-0-46-0* 
30% Co, +70% Co, 46-0-47-0* 
80% Co; +20% Co, 46-0-47-0* 
42 46-0-47-0 
C. 51-4-52-0 


50% C,,+50% Cy, 47-0* 

53 48-5-49-0 
C,, 52-5-53-0 
90% C,,+10% C,, 51-0-52-0* 
40% Cog + 60% Cy, 49-0-50-5 


90% Cy, +10% Cog 52-5-53-0 
58 

95% Cog + 5% Coo 

90% Cog + 10% Coy 

30% C., 70% Coo 








Melting Setting 
point point 
(*) (°) 
41-2-41-4 40-8 
Long needles 


41-5* 
44-8-45-0 44:8 

Short needles 
44-1 

Long needles 
45-0* — 


44-5-44-7 


47-5-47-7 47° 3 
47-7* 47-2* 
47-7* sian 


50-3-50-6 50-1 


50-8-51-1 50-4 
50-6* 
50-6* 


50-7* 


54-5-54-7 54-2 

54-0* 54-0* 
ae 54-5* 
ee 54-9* 
= 54-5* 


56-6-57-3 57-0-56-4 
564-566 56-1 


56-5* 


59-3-59-5 
59-0-59-1 
59-3-59-5* 
59-6-59-7 


59-2-59-5 
61-6-61-8 
61-5-61-7 
61-5-61-7 
61-9* 


48:3 


47-0-46-0 


Indistinct 


Indefinite 


52-0* 


GS GOO © «j 


Composition 
suggested by 


Transition 
point on Crystal 
cooling spacing melting 
(°) (4) point 
39-5 29-45 Cy 
Cone appears 
and material 
changes to 
glass 
—— 29-4* 


Indefinite 30-95 


-_ Co oOo Oe & Cao «Jj 


30-2 
B 28-1 
31-0* 


37 Sharp 


32* 
Indefinite 
34-5 

34-6* 
36-37* 
35-5-36-5 
Indistinct 
41-5 


31-45 
31-5* 
32-2* 


33-0 


32°5 
28-8 
33-2* 
32-5* 
et 32-7* 


43-5-43-0 34-5 

45-0* 33-8* 
44-0* 34-5* 
45-0* 35-2* 
44-0* 34-1* 


Indefinite 36-2 

A 34-95 

C 3i 
36-2* 


37-25 
36-3 
37-15* 
36-8 


36-35* 
40-5* 


oh > © we FRR WF 


TI oQocktrcactws. @® 


44-0* 


m2 go 


51-0 
50-0* 
48:8 


"oo > Ss 


50-0 36-55 


38-6 tl 
37-5 
37-8 
38-6* ci 


52-5 
54-2 
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Vol. 58 PARAFFINS OF ROSE-PETAL WAX 
Table 3 (cont.) 
Fraction no. Transition Transition Composition 
or composition point on Melting Setting point on Crystal suggested by 
of synthetic heating point point cooling spacing melting 
mixture (°) (°) (°) (°) (A) point 
65 55-6-55-8 63-7-63-9 63-6 53-8 38-7 Cup 
he 57-3-57-5 63-4-63-6 63-2 55-8 38-68 -- 
95% Cog t+5% Cy, 57-0-57-2 63-6-63-7 63-1 55-3 39-1 a 
50% Cog + 50% Coq 55-0* 63-6* — 53-0* 39-7* — 
85% Cop + 15% Cy 56-0-56-5* 63-7-63-9* — 54-0* 40-0* — 
77 53-5-54-5 65-8-66-1 65-7-65-3 Indefinite 41-2 Cso 
Indefinite 
Cao 61-0 65-6-65-8 65-3 58-8 A 40-0 — 
C 35-5 
85% Cy + 15% Cz, 58-0-58-5* 65-9-66-1* 65-6* 58-5* 40-9* _ 
40% Cy +60% Cy; 57-0-58-0 65-8-66-0 65-5 56-0-55-0 41-2 — 
Indefinite 
70% Cop +30% Cze 59-0* 67-2* — 56-0-55-0* 41-2* — 
90% Cy +10% Czq 58-0* 66-2* — 56-0* 40-6* — 
87 60-0-60-5 68-1-68-3 67-9 60-0-59-0 42-78 Cay 
85% Cs, +15% Cz, 60-5-61-0* 68-2-68-4* 67-8* 61-0-60-0* 42-59* — 
30% Cao +70% Czq 60-0-61-0* 68-3* 68-0* 60-0* 42-7* — 
Indefinite 
70% C3, +30% Czp 62-0-62-5* 68-2-68-4* — 61-0-60-0* 43-2* — 
92 63-5-64-5 69-8-70-0 69-6 62-0-61-0 44-15 Coe 
Cse 65-2-65-4 69-5-69-7 69-2 63-9 A 42-3 -- 
B 378 
40% Cs, +60% Cz, 63-0-64-0* 70-0* _ 62-0-61-0* 44-05* — 
90% Cy+10% Czy, 62-0-61-0* 70-1* -- 62-0-61-0* 43-0* — 
80% C32+20% C33 63-5-64-0* 70-1* — 64-0* 43-0* — 
93 65-0-66-0 72-8-73-2 72-4-72-2 65-0-64-0 46-3 Cy, 
Indefinite Indefinite 
Cus 69-2-69-4 72-6-72:8 72-4 68-5 A 45-5 — 
C 39-86 
40% C33+60% C3, 68-0* 73-2* _ 67-0* 46-2* _ 


The most probable constitution of each fraction is given in heavy type. 


all of which facts are in keeping with simple binary 
mixtures in which one component predominates. 
The two even-number paraffin mixtures appro- 
priate either to the melting point or spacing will not 
fit, nor will those of the odd-even number mixtures. 
It has been possible to show, therefore, that the 
odd-number paraffins C.;, Cy3, Cos, Coz, Cog, Car, Cog 
and C;; are all present in the original mixture. 

(2) In all cases in which the melting-point of the 
fraction suggests a composition close to that of an 
even-number paraffin (fractions 12, 27, 42, 58, 77 
and 92) the data will not permit a simple interpreta- 
tion in terms of even-number binary mixtures. The 


‘ transition temperatures in all cases are too in- 


distinct (suggesting mixtures between 30 and 
70%) and the spacings are too high for the sug- 
gested mixtures. The same criticism applies to 
simple binary odd-even number mixtures. With odd- 
number binary mixtures agreement is in all cases 
fair, but as the suggested composition lies between 
39 and 70%, the transition temperatures are too 
indistinct and the photographs too poor to warrant 
the definite conclusion that the mixture is binary. 
Such fractions may indeed be ternary or more 
complex, and no. 42 definitely is so, but as in- 


sufficient standard data for ternary mixtures are 
available to make direct comparison possible the 
presence of even-number paraffins therein cannot 
be excluded. The interpretation of each individual 
fraction 12, 27, 42, 58, 77 and 92, therefore, on the 
odd-number mixture basis may not appear to be 
strictly warranted. Yet one must remember that 
each of these fractions was obtained after an ad hoc 
fractional distillation of collected samples having 
apparently the correct melting point. In the case of 
the fractions mentioned under (1) above, a good 
separation was undoubtedly obtained and odd- 
number paraffins of recognizable purity resulted. 
In the case of the fractions which we are discussing 
at the moment the separation was equally good, yet 
we have been unable to prepare an even-number 
paraffin of recognizable purity or even to prove 
definitely the presence of such a paraffin in any 
fraction at all. The conclusion, therefore, seems 
warranted, that fractions 4, 16, 35, 53, 65 and 87 
collectively contain all the odd-number paraffins 
from C,,H,, to C,;H,., that fractions 12, 27, 42, 58, 
77 and 92 are binary or more complex mixtures of 
these particular paraffins, and that even-number 
paraffins are absent or are present in such small 
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Table 4. Approximate composition of the higher 
paraffin fraction from rose-petal wax 


Paraffin % 

CoH 65 
CosHys 
C.5Hs5. 


C o7Hs¢ 


‘ 
‘ 
‘ 


16-5 
17-5 
23-1 
25-1 
10-0 
1-2 
0-1 
100 


29H ¢o 
Cs, He, 


CasHog 
ast» 


amount that they remain undetected by our pro- 
cedure—a finding in keeping with all our earlier 
work on plant and insect waxes. 

The approximate composition of the higher 
paraffin fraction from the rose-petal wax calculated 
from our results is given in Table 4. 


SUMMARY 


1. The mixture of higher paraffins present in 
rose-petal wax has been separated into a number of 
fractions by vacuum distillation. 

2. A comprehensive analysis of each of these 
fractions has been made by comparing the melting 
point, transition temperatures and long crystal 
spacing with those of synthetic paraffins and 
appropriate mixtures thereof. 
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3. It has been shown that ail the odd-numb 
paraffins from C,, to C,; are present. No defini 
evidence for the occurrence of even-numb 
paraffins has been obtained. 

4. Paraffins of chain length shorter than C,, 4 
also present in small amount, but these have n¢ 
yet been characterized. 


We wish to thank Schimmel and Co. of Leipzig for a supp 
of crude rose-petal wax. We are indebted to Dr T. Malkin 
an X-ray analysis. 
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